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ABSTRACT
Determining a species’ ecological needs, assessing the quality of their habitat, and
determining genetic differentiation and connectivity among populations is essential to their
conservation. My dissertation focuses on obtaining such a holistic view for a population of
Pacific Black Ducks recently established on the Island of Aunu’u, American Samoa.
Specifically, I present the first evaluation of the ecology and habitat of a recently established
population of Pacific Black Ducks on the Island of Aunu’u, American Samoa, in Chapter 1,
while I assess the genetic connectivity and relationship of this population to other Mallard-like
ducks found in Greater Indonesia, Oceania, and the Philippines in Chapter 2.
In Chapter 1, I used and optimized a variety of sampling methods to assess habitat quality
and macroinvertebrate communities, as well as used GPS PTT technology to track movement of
Pacific Black Ducks across three waterbodies found on the Island of Aunu’u. Additionally, I
conducted time-activity-budgets that helped understand the daily life-cycle of these ducks. First,
I recovered uncharacteristic behaviors compared to other Pacific Black Ducks found elsewhere,
including asynchronous mating displays, brood rearing, and copulation, suggesting this
population now has the capacity for year-long reproduction. More interestingly, I detected
unique feeding behaviors, including hunting and consumption of introduced Tilapia present in
Pala Lake; which I posit may be an adaptive response to the island’s limited resources. Finally,
movement data demarcated that Pacific Black Ducks mainly used Taro Wetland and Pala Lake,
despite the more favorable environmental conditions found in Fa’imulivai Marsh. In addition to
determining which sampling methods proved to be most efficient, I provide evidence that all
three waterbodies remain important, and will require careful management if Pacific Black Ducks
are to be sustained in American Samoa. Among these, I conclude that Pacific Black Ducks prefer
vi

Pala Lake and the agricultural Taro Wetland, which provides an opportunity to strike a balance
between agricultural and wildlife needs.
In Chapter 2, I use next-generation sequencing technologies to assay thousands of nuclear
ddRAD sequences and the mitochondrial COI gene across three Anas spp. Specifically, I
conducted population and evolutionary genetic analyses for Pacific Black Ducks and Philippine
Ducks across their respective ranges and compared these to wild and domestic lineages of the
Mallard. First, not only do I provide the first ddRAD-seq nuclear assessment of the endangered
Philippine Duck, but report that they do not represent a hybrid species as once thought and are
not currently threatened by genetic extinction from hybridization with Mallards (wild or
domestic). Instead, I conclude that the relatively lower levels of genetic diversity may hinder this
species ability to adapt in the future and is an important consideration in future conservation
efforts. For Pacific Black Ducks, I find that (1) Pacific Black Ducks from Australia, Timor-Leste
in Indonesia, Papua New Guinea, Tasmania, and Aunu’u Island in American Samoa, represent A.
s. rogersi, (2) New Zealand ducks represents A. s. superciliosa as expected, and (3) Lesser Grey
Ducks from the Solomon Islands represent A. s. pelewensis. Importantly, although I predictably
recovered samples assigning to A. s. rogersi and A. s. superciliosa, only one population within
the predicted range assigned to A. s. pelewensis. Specifically, Aunu’u island in American Samoa
is within the predicted range of A. s. pelewensis, however, I provide evidence that these Pacific
Black Ducks are A. s. rogersi. Like Philippine Ducks, I concluded that the conservation threat to
Pacific Black Ducks from Aunu’u, American Samoa, and the Solomon Islands is likely their
relatively low genetic diversity that decrease their adaptive responses to future ecological
changes. Conversely, I concluded that the conservation of Pacific Black Ducks on Australia,
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New Zealand, and Timor-Leste in Indonesia appears to be threatened due to introgressive
hybridization from local Mallards.
By taking such an interdisciplinary approach, I was able to describe the availability and
quality of remaining habitat, establish interesting behavioral aspects, as well as shed light into
the evolutionary history and biogeographical connectivity of the recently established Pacific
Black Duck population in Aunu’u, American Samoa, as compared to other Mallard-like ducks in
Oceania, Greater Indonesia, and the Philippines. These data will undoubtedly help shape
discussions surrounding taxonomy and range distributions of Pacific Black Ducks, in general,
while directly impacting future conservation decisions of the localized population of Pacific
Black Ducks of Aunu’u, American Samoa.
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CHAPTER ONE: HABITAT ASSESSMENT AND ECOLOGY OF THE
PACIFIC BLACK DUCK IN AUNU’U, AMERICAN SAMOA
INTRODUCTION
Determining a species’ ecological needs is essential to the conservation of a species (Fryxell,
Sinclair, & Caughley, 2014). Such information is increasingly important as landscapes continue
to be directly and indirectly (i.e., climate change) impacted by human use practices (Gienapp,
Teplitsky, Alho, Mills, & Merilä, 2008; Parmesan, 2006; Visser, 2008). Among landscapes,
islands are especially prone to anthropogenic-induced habitat changes (Frankham, 2008) such as
habitat loss and degradation, overexploitation, pollution, affects from climate change, and the
introduction of invasive species being prevalent human-caused changes on island habitats
(Caujapé-Castells et al., 2010; Harter et al., 2015; Kingsford et al., 2009). The isolating and
unique ecologies of islands not only provide a venue for novel taxonomic diversification, but
also makes them highly susceptible to extinction events during human colonization (Nunn, 2003;
Sadler, 1999; Steadman, 1989, 1995). In fact, bird extinction rates on islands have been reported
to be 187 times than on continents (Loehle & Eschenbach, 2012). Regardless, while human-use
practices often result in highly augmented habitats that can disrupt food resources of endemic
species, striking a balance between biological and human needs is required for effective
conservation (DeFries, Hansen, Turner, Reid, & Liu, 2007). Here, we provide the first ecological
and biological assessment of a recently established population of Pacific Black Ducks (Anas
superciliosa) residing on the Island of Aunu’u, American Samoa.
Pacific Black Ducks are found within the Family Anatidae (a.k.a, dabbling ducks), and
are one of thirteen Mallard-like ducks that comprise the Mallard Complex (Philip Lavretsky,
McCracken, & Peters, 2014). The three subspecies of Pacific Black Ducks are geographically
1

classified, and include (1) A. s. superciliosa in New Zealand (Kear, 2005), (2) A. s. rogersi of
Australia, Southern Papua New Guinea, and Indonesia (Kear, 2005), and (3) the subspecies A. s.
pelewensis that is distributed across various Pacific Islands including but not limited to Vanuatu,
French Polynesia, Tonga, Fiji, New Caledonia, Northern Papua New Guinea, American Samoa,
and Timor-Leste in Indonesia (See Figure 1.1; Lepage & Warnier, 2014; Merchant & Higgins,
1990). The most robust population of Pacific Black Ducks reside in Australia, with census
population estimates at approximately one million, followed by those in New Zealand that are
estimated at 80,000-150,000 (Kear, 2005). No substantiated census data exits for A. s. pelewensis
(Kear, 2005). Classified within the subspecies A. s. pelewensis is a small population of Pacific
Black Ducks residing on the Island of Aunu’u, one of seven Islands that make up American
Samoa and likely representing one of the most eastern locations for Pacific Black Ducks (Figure
1.1). Interestingly, accounts of Pacific Black Ducks in American Samoa only date to the mid1970s (U.S. Fish and Wildlife Service employees, personal communication, 2019) and thus, this
population likely represents a recent geographic extension of Pacific Black Ducks.

Figure 1.1 Range distributions of Pacific Black Duck subspecies in Oceania and Greater
Indonesia.
2

As with most human colonized islands, American Samoa has been negatively impacted
through habitat destruction or augmentation and the introduction of non-native species (e.g.,
Leucanea leucocephala, Psidium guajava, and Inocarpus fagifer; Meyer, Seamon, Fa’aumu, &
Lalogafuafua, 2017). Among habitat types, coastal marshes – which ducks heavily rely on – have
been extensively impacted by humans due to their proximity to villages (Meyer et al., 2017). In
fact, wetlands, mangrove swamps, marshes, and other waterbodies on the main Island of
American Samoa (i.e., Tutuila), are particularly impacted by draining, development, and their
use in agriculture (Meyer et al., 2017; Whistler, 1980). Of the eight coastal marshes that existed
in American Samoa in 1980 only one located on the small, off-shoot Island of Tutuila (i.e.,
Aunu’u) contained its original vegetation (Whistler, 1980). While waterbodies on Aunu’u still
remain slightly more undisturbed than on Tutuila, Aunu’u’s native forests have suffered great
loss due to agroforestry and cultivation of Coconut (Cocos nucifera), Papaya (Carica papaya),
and Breadfruit (Artocarpus altilis; Meyer et al., 2017). With Pacific Black Ducks known to
primarily use the habitats of Aunu’u (USFWS employees, personal communication, 2019), and
with Aunu’u’s land area containing 23% wetland habitat compared to Tutuila’s 0.6%, the
conservation and management of waterbodies on Aunu’u is critical (Meyer et al., 2017).
Consequently, my primary objective was to describe and assess Aunu’u’s remaining natural and
man-made habitats preferred by Pacific Black Ducks. Specifically, for each possible habitat, I
used a variety of ecological monitoring methods to assess the macroinvertebrate communities,
vegetation types, and waterbody environmental variables. Through these efforts, I not only
aimed to describe the remaining habitats available to these ducks, but also determine the
availability of food resources. Doing so will establish conservation priority of habitats and what
efforts can be made to maintain or increase their capacity to sustain Pacific Black Ducks.
3

In addition to the lack of habitat data for Pacific Black Ducks in American Samoa,
knowledge regarding their basic biology is also limited, with the only extensive studies being
mainly on A. s. rogersi and A. s. superciliosa populations of Pacific Black Ducks (Guay &
Gregurke, 2007; Guay & Tracey J, 2009; J. F. McEvoy, Ribot, Wingfield, & Bennett, 2017;
Norman, 1983; Norman, Thomson, & Hamilton, 1979; Rhymer, Williams, & Kingsford, 2004).
Therefore, in addition to assessing available habitats, I collected behavioral data to fill in
knowledge gaps regarding American Samoa’s Pacific Black Duck’s basic biology. Although
Pacific Black Ducks on Australia and New Zealand are reported to consume similar foods (e.g.,
seeds, aquatic plant material, aquatic insects) and generally exhibit similar life-history traits (e.g.,
male courtship displays, seasonal monogamy) seen in many other dabbling ducks (Merchant &
Higgins, 1990), island populations can show idiosyncrasies in life-history traits (Lack, 1970;
Sorenson, 1992; Malachowski & Dugger, 2018). Moreover, while American Samoa appears to
be only recently colonized by Pacific Black Ducks, studies have shown that adaptive changes
(such as reproductive behaviors, feeding technique, etc.) of birds on island systems are prevalent
(Covas, 2012; Leisler & Winkler, 2015; Lovette, Bermingham, & Ricklefs, 2001; Wright,
Steadman, Witt, & Estes, 2016). Thus, a major goal of this research is to provide the first
behavioral time-activity-budgets of American Samoan Pacific Black Ducks and compare these to
other studies of Pacific Black Ducks elsewhere. I expect these ducks to have some differential
behavioral adaptations driven by the unique ecology of American Samoa. Importantly, I aim to
couple behavioral and ecological data to determine important habitats and food items in order to
further shed light onto the ecological aspects requiring management to better the conservation of
this population.

4

Study Site
The study area includes three waterbodies on the Island of Aunu’u, American Samoa (Figure
1.2). Aunu’u is 1.2km off the coast of American Samoa’s largest and most populated Island,
Tutuila, and has a total land area of 1.5km2 (Cowie & Rundell, 2002; Meyer et al., 2017). There
are a total of 7 Islands that make up American Samoa, of these the Island of Aunu’u contains
30% of all wetland habitats and 61% of all the marsh habitat (Meyer et al., 2017). Islands of
American Samoa have a maritime tropical habitat with temperatures of around 23-30°C and a hot
and humid climate year-round (Meyer et al., 2017). Rainfall and temperatures mildly decrease
from June to September, but no dry or cool season exists on the islands (Meyer et al., 2017).
Rainfall can increase with elevation on the Islands, and with the occurrence of tropical storms
(Meyer et al., 2017; Whistler, 1980). Precipitation varies from ~27-36cm in October to May and
~15-20cm in June to September (Meyer et al., 2017). The highest numbers of Pacific Black
Ducks have also been seen on the Island of Aunu’u, with infrequent sightings on Tutuila, and no
known sightings on the other American Samoan Islands (USFWS employees, personal
communication, 2019). Together, understanding how these birds use the habitat present on the
Island of Aunu’u is most critical for their conservation.
There are three waterbodies on the Island of Aunu’u (Figure 1.2), including one
agricultural wetland (Taro Wetland; Figure 1.5), with marsh habitat throughout (i.e., hydrophytic
vegetation with hydric soils containing fresh or brackish water; Meyer et al., 2017), one lake
surrounded by marsh habitat (Fa’imulivai Marsh; Figure 1.4), and one lake surrounded by a
flooded mangrove forest (Pala Lake; Figure 1.3).
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Figure 1.2 Map of Aunu’u, American Samoa, with habitat classification from the Department of
Marine and Wildlife Resources (Meyer et al., 2017).
Pala Lake is where Pacific Black Ducks have been observed most frequently and in the
highest numbers (USFWS employees, personal communication, 2019). Pala Lake is an open lake
surrounded by a mangrove swamp. Surrounding flora include the dominant Oriental Mangrove
plant (Bruguiera gymnorrhiza), along with Birds Nest Fern (Asplenium nidus), Common
Waxflower (Hoya australis), an orchid species (Dendrobium spp.; Whistler, 1980), as well as the
occasional Coconut Tree (C. nucifera; also see Results, Table 1.5). All plants are all found
intermittently and somewhat uncommonly throughout the mangrove swamp. The waterbody is
known for its red, waterlogged, and quicksand-like soil (Whistler, 1980). The mangrove swamp
fringes around, but does not move into the interior of the one hectare lake (Whistler, 1980).
Additionally, Pala Lake was stocked with Tilapia (family Cichlidae) at an unknown date by local
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Islanders as a means of additional food, and since, Tilapia can be found in high concentrations
throughout the lake and mangrove swamp. Along with Pacific Black Duck, other abundant bird
species include Kingfisher (Todiramphus sacer), Buff-banded Rail (Gallirallus philippensis),
and Pacific Reef Heron (Egretta sacra). The abundance and daily occurrence of Pacific Black
Ducks in Pala Lake made this an important study site for behavioral observations (see below
methods for behavioral observation protocol).
Next, Fa’imulivai Marsh, is formed from the crater of Aunu’u, and is surrounded by
marsh habitat. The open lake in the center of the crater has an unknown depth and contain eels
(family Anguillidae). Surrounding the lake is a marsh habitat which often opens to small ponds.
The lake is approximately two hectares of open water, with a variety of plant species in the
marsh habitat. The Chinese Water Chestnut (Eleocharis dulcis) is the most abundant plant
around the waterbody perimeter, while Golden Leather Fern (Acrostichum aureum), and Swampshield Fern (Cyclosorus interruptus) are also randomly scattered throughout the marsh habitat
(see also Results, Table 1.5). Fa’imulivai Marsh consists of mostly freshwater and is one of the
last coastal marshes of all American Samoa that is largely undisturbed from human influences
(Whistler, 1980). No other bird species are known within this waterbody, but many are located in
the surrounding forest.
Finally, Taro Wetland is an agricultural plantation of Taro (Colocasia spp.). Taro is an
aquatic plant harvested for its edible corms and young leaves and is the dominant plant of the
wetland. However, Golden Leather Fern is found scattered throughout the wetland where Taro is
sparse, as well as a variety of weedy species (e.g., Paspalum sp., Mikania micrantha, and
Ludwigia hyssopifolia; Whistler, 1980; Table 1.5). Among birds other than Pacific Black Ducks,
the Purple Swamphen (Porphyrio porphyria) frequently occurs in Taro Wetland. Being an
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agricultural area, Taro Wetland is heavily impacted by people, including daily visitation by local
Islanders tending to their Taro crops, and other local agroforestry operations (i.e., coconuts and
papayas) being conducted at the periphery of the waterbody. Moreover, the Taro Wetland is
close to the main village and contains a cement path crossing through the wetland that further
increases disturbances in the area.

METHODS
Aquatic Macroinvertebrate Sampling Protocol
Field Collection
Macroinvertebrates were sampled using three methods: (1) Dip-Net sweeps, (2) core sampling,
and the (3) Hester-Dendy placement within waterbodies.
First, I used a LaMotte Dip-Net (30.48cm x 30.48cm opening and 16.51cm deep net), in
which a “D” shaped net containing 500 micron nylon was swept along the bottom of the
waterbody, while lightly bumping the substrate in an approximate 1m path (Schultz, Straub,
Kaminski, & Ebert, 2020; Tapp & Webb, 2015). Once collected, Dip-Nets and their contents
were placed in a bucket (30.48cm diameter and 20.32cm depth). Subsequently, samples were
washed of debris, and all macroinvertebrates stored in 70% ethanol until further processing (J. T.
Anderson & Smith, 2000; Tapp & Webb, 2015). All three waterbodies were sampled to capture
the potential diversity of habitats and attempt to capture respective community compositions.
Specifically, three Dip-Net sweeps were taken in Pala Lake on May 30th, 2019 (Figure 1.3), three
were taken in Taro Wetland on May 31st, 2019 (Figure 1.5), and four were taken in Fa’imulivai
Marsh on June 1st, 2019 (Figure 1.4). Note that for Pala Lake, two Dip-Net samples were taken
on either side of the waterbody (West and East side), and a sample was taken outside of the main
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body of water within the flooded mangroves; no sample was taken on the South side of Pala
Lake due to the area lacking water (Figure 1.3).
Next, core samples were taken using a clear polycarbonate tube (5.08cm inner diameter
and 6.35mm thickness; Yannuzzi, 2018). The coring device was used in shallow areas of the
waterbody where substrate occurred ≤ 60cm below the surface, and which represented the
approximate feeding depth of a dabbling duck (Tapp & Webb, 2015; Yannuzzi, 2018). In short,
the corer was inserted 15.24cm into the substrate in a smooth and consistent motion, which
allowed an adequate amount of material to be sampled at and slightly below the substrate to
assess benthic macroinvertebrates (Sherfy, Kirkpatrick, & Richkus, 2000). Note that a line was
drawn on the corer that facilitated determining and assessing the same 15.24cm depth each time.
Following insertion, the core would be brought up slowly and a hand placed at the bottom before
leaving the substrate, which prevented any material from escaping once removed from the
substrate. The contents of the core were immediately placed in a gallon sized Ziploc bag, and
transferred in a bucket back to the field station until further processing. With the exception of
Taro Wetland, core samples were taken across pre-determined transects for which sampling
locations were based on a generated random number representing 1 meter within the transect
(Kostecke, Smith, & Hands, 2005; Yannuzzi, 2018; Figures 1.3 and 1.4). Being an agricultural
waterbody, transects were not permitted in Taro Wetland due to ongoing agricultural operations;
and thus, core samples were taken on either side of the waterbody (North and South) that were
separated by a cement walkway, and further North of the walkway where a small pool of open
water occurred (Figure 1.5). For Pala Lake and Fa’imulivai Marsh, a tape measurer was placed
over the entirety of each transect so that samples could be collected at exact meter locations. The
latitude and longitude of each sample was recorded with a Garmin Oregon 450t GPS. For
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Fa’imulivai Marsh, a sample in the middle of the waterbody could not be taken due to its depth,
and also would not represent a location where ducks could feed. Thus, Fa’imulivai Marsh
consisted of two transects going from West to East on the edge of the waterbody, at optimal
dabbling duck feeding height (Figure 1.4), with a total of 20 core samples taken (i.e., 10 per
transect; Figure 1.4). For Pala Lake, walking was hazardous due to the quicksand-like substrate,
with foot access only permitted at the edges where mangroves created a stronger substrate.
Instead, a kayak was used to access and sample the center of Pala Lake, where water depth was
consistently around one-third meter. A total of three transects occurring from Southeast to
Northwest, and with five core samples per transect were obtained in Pala Lake (Figure 1.3).
Finally, to determine if different sampling methods influenced the recovery of different
taxa among the waterbodies, I also placed Hester-Dendy samples in each waterbody. The HesterDendy is a type of artificial substrate sampler in which macroinvertebrates are allowed to
colonize the sampler over a given amount of time before the sampler is removed and
communities are assessed. I used WaterMark® Hester-Dendy square multiple plate samplers,
which consisted of nine 7.6cm x 7.6cm square plates (3mm thick) with round nylon spacers
(3mm thick) in between each plate. Hester-Dendy plates were attached via a stainless-steel eye
bolt that permitted for easy disassembly during sample washing and storing. Each Hester-Dendy
sampler was tied to a tree or T-pole with fishing line to prevent loss during the two-week
incubation period. Once samples were pulled from a waterbody they were placed in a bucket
(30.48cm diameter and 20.32cm depth), brought back to the field station, and disassembled in
the bucket. Each plate was scraped thoroughly and run through mesh sieves following the sample
washing method below, and macroinvertebrates were also picked out using tweezers. With five
Hester-Dendys available, I sampled one wetland at a time and properly cleaned, scrubbed, and
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re-assembled the units between waterbodies. All five Hester-Dendy samplers were deployed in
Pala Lake and Fa’imulivai Marsh for two weeks (Figures 1.3 and 1.4). As with other sampling
methods, I was limited to where Hester-Dendys could be deployed due to high levels of
disturbance, and thus only three were originally placed in Taro Wetland. Unfortunately, one
Hester-Dendy sampler was lost in Taro Wetland, and therefore only two Hester-Dendy samples
were collected (Figure 1.5). Moreover, due to circumstances involving an early departure from
the Island, Hester-Dendy samplers had a 10-day incubation period in the Taro Wetland.

Figure 1.3 Macroinvertebrate, YSI probe, and vegetation sampling locations in Pala Lake.
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Figure 1.4 Macroinvertebrate, YSI probe, and vegetation sampling locations in Fa’imulivai
Marsh.

12

Figure 1.5 Macroinvertebrate and YSI probe sampling locations in Taro Wetland.
Sample Washing
Core samples were placed in separate gallon sized bags at the sampling site and carried back to
the field station in buckets (30.48cm diameter and 20.32cm depth); Hester-Dendy and Dip-Net
samples were carried back in a bucket without the use of gallon sized bags. Next, samples were
washed with clean water through a #10 US mesh sieve (2000 microns and 2.00mm particle size)
placed on top of a #60 US mesh sieve (250 microns and 0.25mm particle size) to ensure
collection of all macroinvertebrates and detritus containing macroinvertebrates within a sample
(Livolsi, Ringelman, & Williams, 2014; Yannuzzi, 2018). Washed samples were then place in a
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container with 70% ethanol for storage and transferred back to the University of Texas at El
Paso, where they were then placed in a cool place until further processing.
Laboratory Methods for Macroinvertebrates
Sorting and identification of macroinvertebrates took place at the University of Texas at El Paso
in the Biological Collections Laboratory. Small contents of a sample were placed in a shallow
(120mm) glass dish and analyzed under a Nikon Dissecting or Stereo Microscope with 3.35 to
300 x total magnification (model SMZ745T). Care was taken to process small amounts of each
sample to ensure collection of all macroinvertebrates. Macroinvertebrates were collected from
substrate material and detritus (algae, leaves, twigs, mud, etc.) and identified to lowest
taxonomic level; I used taxonomic keys as described in “Guide to Aquatic Invertebrates of the
Upper Midwest: Identification Manual for Students, Citizen Monitors, and Aquatic Resource
Professionals” and “Aquatic Entomology, the Fishermans’ and Ecologists’ illustrated guide to
insects and their relatives” (Bouchard, 2004; McCafferty, 1983). For macroinvertebrate family
identification specific to American Samoa and other Pacific Islands, I used resources provided by
Dr. Robert H. Cowie and Rebecca J. Rundell, as well as direct contact with Dr. Robert H. Cowie
to identify specimens most accurately. Specifically, the publication “The Land Snails of a Small
Tropical Pacific Island, Aunu’u, American Samoa” and “Catalog of the Nonmarine Snails and
Slugs of the Samoan Islands” were consulted (Cowie, 1998; Cowie & Rundell, 2002).
Macroinvertebrates were then stored in waterbody and taxon specific vials with 70% ethanol
until all samples were completely sorted and identified (Kostecke et al., 2005). Once all samples
were sorted, macroinvertebrates were placed in labeled aluminum weighing dishes (Plattner,
Eichholz, & Yerkes, 2010) and dried at 60° Celsius to constant mass (typically 24-48 hrs; R.
Schultz et al., 2020; Straub et al., 2012) in a Robbins Scientific 1000 Hybridization Incubator.
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Weights were then recorded to the thousandths decimal place in grams using a VWR® P-Series
scale.

Vegetation Sampling Protocol
Vegetation sampling locations were based on random locations pre-determined for each
waterbody. In short, randomized points were selected in ArcMap 10.4 (Environmental Systems
Research Institute, Inc., Redlands, CA, USA) by applying a fishnet around Fa’imulivai Marsh
and Pala Lake, with locations separated within the fishnet every 1 meter. Next, points were given
specific numbers and 10 random numbers were selected with a random number generator for
each location. Note that due to the importance of maintaining good relations with Aunu’u
habitants, vegetation samples were not collected in Taro Wetland. However, while vegetation
could not be removed, dominant plants found around the Taro Wetland plantations were
identified to lowest taxonomic level. Here, prevalent plant species were not collected in plots but
instead were identified and transcribed if they were seen in high abundance at a waterbody. This
was also completed at Pala Lake and Fa’imulivai Marsh. Next, latitude and longitude readings
taken from ArcMap were used to walk into the location of each plot. A Garmin Oregon 450t
GPS device was used to find latitude and longitude of each point, and the confidence value had
to have a >85% reading. A frame constructed out of small (1.27cm) PVC pipes with connectors
was used to create a 1x1 meter plot (internal measurement of the frame). Vegetation was clipped
at the base of the plant, and woody vegetation over 30.48cm was not collected due to the lack of
large woody plant material being found in a dabbling ducks’ diet (Johnsgard, 2010). Percent
ground cover and average height of vegetation was also recorded within each plot. A total of 10
locations were sampled within Pala Lake, whereas six of the ten random locations were sampled
in Fa’imulivai Marsh due to vegetation type being largely homogeneous (i.e., all consisting of
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mostly the same species, Eleocharis dulcis). Note that for Fa’imulivai Marsh, the other common
plant was Acrostichum aureum which was scattered throughout the waterbody, and for which
none of our points sampled. Therefore, a non-random sample was taken from one of the large
fern matts to assess all vegetation types within Fa’imulivai Marsh. Next, plants were placed in
appropriately labeled bags and brought back to the field station for processing. Once at the field
station, plants were placed in large brown bags and labeled with the waterbody and sampling
location, dominant vegetation type, and plant species. Plants were dried in the sun for 1-2 weeks
at the field station on Aunu’u, and dried again in a convection oven once back at the University
of Texas at El Paso.
All plants were dried in a Fisherbrand™ Gravity Convection Oven at 60° Celsius at the
University of Texas at El Paso until a constant mass was reached (~48 hours); weights were
recorded to the hundredth’s decimal in grams. I used the local plant guides to identify taxonomy
of the sampled plant species (Gustafson, Herbst, & Rundel, 2014; Whistler, 1992, 1995, 2005).
Additionally, direct knowledge of American Samoan plant identification was taught to me from
US Fish and Wildlife Services (USFWS) employees and who were previously trained by Dr.
Arthur Whistler (the author of many Pacific Island plant identification books).

Waterbody Water Quality Assessment
A YSI Professional Plus Multiparameter Meter was used to assess waterbody water conditions in
all three sampling locations. The YSI probe was used to collect information regarding
temperature (°C), barometric pressure (mmHG), percent dissolved oxygen, dissolved oxygen
(mg/L), specific conductance (Μs/cm), and Ph. Prior to use, the YSI probe was cleaned and
calibrated using five solutions that included, three buffers (Ph 4.00, Ph 7.00 buffer and Ph 10.01
buffer), deionized water, and specific conductivity standard solution (1413 µS/cm). The probes
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were rinsed with deionized water between sampling waterbodies, and the device was recalibrated if any problems arose. Environmental sampling was done at various locations
throughout each waterbody to assess potential changes in parameters. The YSI probe was used in
five locations in Pala Lake, three locations in Taro Wetland, and six locations in Fa’imulivai
Marsh. In Taro Wetland samples were taken closest to the agricultural waterbodies on either side
of a walkway through the waterbody, similar to Core and Dip-Net sampling protocols in Taro
Wetland (Figure 1.5). Fa’imulivai Marsh had samples taken around the perimeter of the
waterbody and one sample taken in the middle of the waterbody’s deep crater.

Behavior Observation Protocol
To determine Pacific Black Duck behavior, I conducted time-activity budgets (Altmann, 1974).
Specifically, I followed protocols similar to those in Quinlan and Baldassare (1984) where an
individual bird’s behavior was recorded every 15 seconds for a minimum of 5 minutes and a
maximum of 20 minutes. Observations were conducted at a distance with binoculars or a
spotting scope to limit any disturbance to the bird’s natural behavior. Common waterfowl
activities that were recorded during the behavior surveys included feeding, locomotion, resting,
preening, alertness, courting, antagonistic, and out of view (Table 1.1). Birds had to show
specific actions before the behavior was recorded as one of the 8 behaviors. For instance, birds
enacting mating displays such as head-up-tail-up, whistle-grunt, etc., as well as copulation,
would have their behavior recorded under courting (also see definitions in Table 1.1). These
specific categories with subsequent definitions allowed classification of every activity the birds
enacted and were re-purposed from various resources (Dwyer, 1975; Jones, Williams, & Castelli,
2014; Norman, 1983; Stuart Lindsay Paulus, 1980; Quinlan & Baldassarre, 1984). Also, note that
supplemental information such as temperature, weather, start and end time, cloud cover, wind
17

speed, surveyor initials, and additional notes were also taken per observation session (Jones et
al., 2014; Quinlan & Baldassarre, 1984).
Table 1.1 Definitions of eight behaviors that were accounted for in the Time-Activity-Budgets of
Pacific Black Duck on Pala Lake in Aunu’u, American Samoa.
Behavior
Feeding
Locomotion
Resting
Preening
Alert
Courting
Antagonistic
Out of View

Definition
Head tipping, dabbling at the surface of land or water, as well as a characteristic more
specific to American Samoan dabbling ducks, chasing prey at the surface of the water.
Swimming, walking, and in flight. Any directional movement.
Standing still or slightly balancing on land, with or without eyes closed and head can be
tucked under wing.
Actively cleaning feathers, stretching wings out, and dipping in water.
Glancing around or focused on a noise or movement with their head upright.
Various mating displays (head-up-tail-up, whistle-grunt, etc.) as well as copulation.
Chasing, biting, or inciting.
Not able to be seen via binocular, visual obstruction, or left the location by walking,
swimming, of flying away.

The infrequent daily presence of Pacific Black Ducks at Fa’imulivai Marsh and constant
human disturbance on Taro Wetland made these inappropriate for time-activity-budgets to be
conducted. Thus, all time-activity budgets were done at a distance and behind a man-made blind
on Pala Lake for approximately two hours per visit. Time-activity-budgets were recorded three
days a week for 5 weeks, and taken in the morning, afternoon, and evening per assessment day
(Quinlan & Baldassarre, 1984). If birds were not present during time of observation, no timeactivity-budget was collected. If birds were present and then disappeared or left before 5
minutes, the record would not be counted (Quinlan & Baldassarre, 1984). Only one bird was
observed at a time, with observations continuing throughout the approximate two hours or until
no birds were left. Data was then converted to percent of time spent in each activity during
analyses.
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Duck Capture Protocol
Field Capture Techniques
Various techniques were used in an attempt to capture pacific black ducks, such as walk-in and
swim-in traps baited with a variety of foods as well as night-lighting. However, the only
successful capture method for Pacific Black Ducks on Aunu’u was the use of a mist net placed in
Taro Wetland. An Ecotone nylon mist net (60mm mesh; ECOTONE, Gdynia, Poland) reaching
3.2 meters tall and 18 meters wide was placed in the more northern point in Taro Wetland where
there was the least amount human disturbance. Two large polls that hold the net were placed on
either side of a small water opening within Taro Wetland. Mist nets were opened during the predawn and dusk hours when waterfowl are most active for four days a week and closed during the
day. When the net was opened the bottom of the net was placed right above the water. Decoys
were painted to mimic Pacific Black Ducks and placed in the water near the net, a mallard duck
call was also used to attract ducks to the mist net. Both were found to successfully entice ducks.
Note that due to the possibility that ducks were moving at night, the net was opened and watched
from dusk until dawn the following morning; however, no ducks were caught during this time.
The mist net in Taro Wetland remained the best capture method and was opened more
frequently, as nets set up at Pala Lake resulted in no birds being caught. Ducks were caught
either by landing in the pool and then swimming into the net or flying directly into the net. Once
a duck was caught, a rope tied to a kayak permitted a person to be quickly pulled alongside the
net where they could immediately and carefully extract the bird.
Capture Assessment and PTT Tracker Protocol
Morphological assessment for each captured bird included the recording of tail length (cm), bill
width (cm), bill color, total body length (cm), culmen length (cm), tarsus length (cm), mass (g),
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sex, approximate age (juvenile, hatch year, after hatch year, second year, and after second year),
as well as molt appearance and plumage characteristics. Each bird was leg-banded with an
aluminum USGS supplied size seven leg band containing a unique identifier number.
Approximately 0.10cc/Ml of blood was then taken using a 25 gauge needle from the wing of a
captured bird, with six (~0.06ml) and ten (~0.10ml) drops of blood placed into an RNA later
solution and DNA stabilizing buffer, respectively, and immediately frozen. Finally, birds were
fitted with 22-gram model 100 Satellite Platform Transmitter Terminal (PTT) GPS Trackers
from GeoTrak Inc. Devices were glued to a neoprene pad, and Teflon ribbon (Bally Ribbon,
Bally, PA, USA) was knotted to the front of the tracker and glued to neoprene pads to create an
efficient attachment (Miller et al., 2005; Palumbo, Petrie, Schummer, Rubin, & Bonner, 2019).
Next, Teflon ribbon was looped around the wings, back, and along the keel of the bird to create a
back-pack-like harness (Miller et al., 2005; Palumbo et al., 2019; Petrie, Rogers, & Baloyi,
1996). Each PTT tracker contained a flexible antenna displayed behind the solar panels which
was located on the top of the tracker (see Figure 1. 6 for detail). The total weight of each PTT
tracker was 25 grams. Satellite PTT trackers were only placed on a bird if the tracker composed
less than 5% of the body mass (Palumbo et al., 2019). Each tracker was setup to collect eight
locations per day, with data sent to satellites every 24 hours. Data was used to determine Pacific
Black Duck daily movement and habitat use.
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Figure 1.6 PTT Tracker being fit to a Pacific Black Duck.

Aquatic Macroinvertebrate Analyses
Biomass and Richness
Macroinvertebrate Biomass for each waterbody is displayed in grams per meter-squared (g/m2)
and in grams per meter-cubed (g/m3). Macroinvertebrate biomass is displayed in both area and
volume due to the popularity of both of these in literature displaying aquatic macroinvertebrate
biomass (Collins, Conway, Mason, & Gunnels, 2015; Gray, Kaminski, Weerakkody, Leopold, &
Jensen, 1999; Schultz et al., 2020; Schummer et al., 2021; Straub et al., 2012). These two
methods were extrapolated for both Dip-Net and core samples for each waterbody. For area, DipNet biomass was based on the grams attained from the length x width of the Dip-Net (Schultz et
al., 2020; Straub et al., 2012) . To determine the area of the corer, the diameter and length of the
corer was used following Yannuzzi (2018). To calculate the volume of the corer, I followed,
Collins et al. (2015). In short, volume of the corer was calculated by using 𝜋, the core radius, and
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the depth of core samples, while Dip-Net volume was calculated by using the length, width, and
height of the Dip-Net. After this, the average macroinvertebrate biomass (grams) was divided by
the sampled meter2 or sampled meter3 to determine mean macroinvertebrate biomass for area and
volume (Collins et al., 2015; Schultz et al., 2020; Straub et al., 2012). Values are reported
separately for each as core and Dip-Net sampling methods often yield different results (i.e., DipNet often containing higher macroinvertebrate biomass than core samples; Tapp & Webb, 2015).
Finally, for comparison, core, Dip-Net, and Hester-Dendy values were also reported as mean
grams per sampling scheme.
Next, macroinvertebrate richness was calculated by using family rather than species
richness and was compared between sampling methods (Dip-Net, core, and Hester-Dendy) in the
three waterbodies, as well as was used to compare the total richness found within each
waterbody. Richness was calculated manually as well as in the program “vegan” 2.5-7 in R
version 3.6.3 (R Core Team, 2020) with the specnumber function (Oksanen et al., 2020). Total
richness was compared between the three waterbodies using a bar plot, whereas boxplots were
used to compare the three sampling methods used in the waterbodies. Both boxplot and bar plots
were created and visualized in R studio with the package ggplot2 using the function “ggplot”
(Hadley, 2016) in R version 3.6.3 (R Core Team, 2020). The three sampling methods and the
richness found in each sample was visualized in boxplots because each sampling method inferred
slightly different results. Statistical significance of sampling methods between waterbodies was
based on an ANOVA and Tukey Honest Significant Difference (HSD) test. Biomass and
richness data were normalized to fit the parametric assumptions of an ANOVA by first
transforming values as log(x+1) or square root, respectively. Next, the R package multcompView
(Graves, Piepho, Selzer, & Dorai-Raj, 2015) was used in R version 3.6.3 (R Core Team, 2020) to
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calculate a One-Way ANOVA with the function “aov”, and associated p-values and 95% familywise confidence level calculated with the function “TukeyHSD.”
Aquatic Macroinvertebrate Diversity
Diversity estimates can provide an accurate glance into the makeup of a community, and the
rarity and commonness of its species (Leinster & Cobbold, 2012; Morris et al., 2014). I used the
Shannon-Wiener diversity index and Simpson’s diversity index score to assess the diversity of
aquatic macroinvertebrates found in the waterbodies on Aunu’u, American Samoa (Shannon &
Weaver, 1948; Simpson, 1949). Additionally, macroinvertebrate richness results permitted me to
compare the efficiency of sampling techniques in each waterbody. Diversity indices were
calculated in R version 3.6.3 (R Core Team, 2020) with the program “vegan” using the diversity
function (Oksanen et al., 2020), for both Simpsons and Shannon-Wiener diversity indices (i.e.,
index = “simpson” and index = “Shannon”). Shannon-Wiener diversity index score (H’) uses a
calculation that includes species richness and total abundance of species, and is represented as:

H′= -∑iS=1 (pi)[ln(pi)]
In the equation for Shannon-Wiener diversity pi is the relative abundance of individuals found in
taxon I, S is the number of species (or richness), and H′ is the index score. Simpson’s diversity
index (D) is a measure of similarity or evenness, which is calculated by the sum of the number of
individuals of a given species divided by the square of the total. I used 1- D so that a higher
Simpson’s diversity index number will represent an increase in diversity, similar to the ShannonWiener diversity index.
In the Simpson’s diversity index, rare species have less of an effect on the calculation
than common species. The calculation for Simpson’s diversity index is represented as:

D=1-(∑(n/N)2)
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In the Simpson’s diversity index n is the population size of a given species, N is the total
population size, and D is the diversity index.
Macroinvertebrate Biotic Pollutant Indices
The Hilsenhoff Biotic Index (HBI) was created to determine water quality of streams and rivers
by using aquatic macroinvertebrates present in the environment (Hilsenhoff, 1987). In short,
each macroinvertebrate was assigned a tolerance value based on their sensitivity to pollutants,
with a range of 0-10, and with those values below 3.75 or above 7.26 indicating excellent and
very poor water quality, respectively; tolerance values in-between followed the same pattern but
represented a less extreme water quality (i.e., fair or good water quality; also see Table 1. 2 for
descriptions). Note that scores were based on macroinvertebrate identification at the family level,
and families not represented in Hilsenhoff (1987) followed tolerance levels outlined in Bouchard
(2004).
Table 1.2 Hilsenhoff Family-level Biotic Index used to assess water quality (Hilsenhoff, 1988).

Although, HBI scores are accepted for monitoring stream and river water quality
(Hilsenhoff, 1987, 1988), it may not be robust at predicting other waterbody water quality
conditions (i.e., lakes, marshes, wetlands, ect.; Davis et al., 2006). Therefore, a wetland biotic
index was also used to assess water conditions on the Island of Aunu’u. To do so, I used the
Swan Wetlands Aquatic Macroinvertebrate Pollution Score (SWAMPS) that was developed for
wetlands (Chessman, Trayler, & Davis, 2002), and specifically, the SWAMPS-F method that
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assigned tolerance scores based on family, rather than species (Chessman et al., 2002). In this
method, values were assigned to taxa based on their family classification and then divided by the
species richness to determine the overall waterbody score (Table 1.3). Conversely, since there
was little taxon richness found overall in waterbodies on Aunu’u, a weighted mean was omitted
from analysis. Any family missing a value for the SWAMPS-F index were excluded from
analysis. Additionally, if classification to the family level is not typically used for a certain taxon
(i.e., Oligochaeta, Nematoda, Tubificidae, etc.) the SWAMPS-F method still provides values for
the taxa.
Table 1.3 SWAMPS (Swan Wetlands Aquatic Macroinvertebrate Pollution Sensitivity) Familylevel Biotic Index scores developed for the Swan Coastal Plain Waterbodies (Chessman et al.,
2002).
Interpretation for the Swan Coastal Plain
Cultural eutrophication or other human impact
is likely
Cultural eutrophication or other human impact
may be present (more investigation is needed)
Cultural eutrophication is unlikely (but the
possible presence of an unusual human impact
to which SWAMPS is not sensitive should not
be ignored)

SWAMPS-F Score
<42
42-44

>44

Finally, as another method to assess water quality, an Ephemeroptera, Plecoptera, and
Trichoptera (EPT) richness index was calculated, which determines the abundance of sensitive
taxa found in samples. In short, a high EPT score is usually indicative of good water quality and
a low score suggests a more poor water quality (Robinson & Groat, 2004).

Environmental Analysis
All environmental data collected from the YSI probe was analyzed using a multivariate analysis
method in order to determine how environmental factors impact macroinvertebrate structures.
The YSI probe was used in each waterbody at different sampling locations (see Figures 1.3-1.5)
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and results from the probe were assigned to macroinvertebrate samples based on closest
proximity. A multivariate non-metric dimensional scaling (NMDS) analysis was used to assess
the macroinvertebrate community structure within waterbodies and sampling schemes (Dip-Net,
Core, and Hester-Dendy). First, any invertebrates occurring in only one sample and not found in
other waterbodies/samples were removed from the macroinvertebrate community dataset (i.e.,
Nereididae and Psychodidae). This was done to exclude rare taxa and improve the representation
of the community structure on the ordination space. Next, an NMDS ordination was run using
the package “vegan” 2.5-7 (Oksanen et al., 2020) in R version 3.6.3 (R Core Team, 2020). The
function metaMDS was used on aquatic macroinvertebrate community data, with the following
settings, a Bray Curtis distance matrix (distance = “bray”), a dimensional scaling to two axes (K
= 2), iterations set to 999 (maxit = 999), and all other settings kept at the default. Bray Cutis
distance is often used in conjunction with ecological data, and is seen as the one of the most
reliable methods for ecological models (Bray & Curtis, 1957; Clarke, 1993; Faith, Minchin, &
Belbin, 1987). All community data were transformed first using a square root transformation
method and then using a Wisconsin Double Standardization method with the metaMDS function.
Next, the lowest stress value of the metaMDS function results was used. For reference, a stress
value less than 0.05 is considered excellent, with a value between 0.05 to 0.1 being considered
great, 0.1-0.2 equaling good, and > 0.2 being poor (Kruskal, 1964). After this, environmental
variables were fit to the ordination space following significant permutational multivariate
analysis of variance tests (PERMANOVA) with the adonis function in “vegan” (P < 0.05), with
a Bray Curtis distance matrix (method = “bray”), permutations set at 999 (permutations = 999),
and all other settings at default. However, the PERMANOVA adonis function in “vegan” is very
sensitive to heterogeneity of dispersions (M. J. Anderson & Walsh, 2013) and thus, all factors
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should be determined as homogeneous before adonis results can be interpreted correctly.
Therefore, the vegdist function was used to calculate pairwise distances, then the betadisper and
anova functions used to determine homogeneity in the data with the “vegan” package. Results
from the adonis function were only determined correct if factors were shown to be
homogeneous. After factors were determined homogeneous and were significantly correlated, the
envfit function in the package “vegan” was then used to scale the environmental variables with
the community data. Environmental variables included in analyses were dissolved oxygen,
barometric pressure, temperature, conductivity, and pH.
The R package “pairwise.Adonis”, was then used to determine which categories were
significantly different from one another (Martinez Arbizu, 2020) and to correct false positives of
P-values using the Bonferroni correction method (Armstrong, 2014). The function
pairwise.adonis was used on results from the “vegan” package, with a Bonferroni correction for
multiple testing performed to adjust P-values with an alpha of 0.05 (p.adjust.m = “Bonferroni”),
a Bray Curtis distance matrix used (sim.method = “bray”), permutations at 999 (perm = 999),
and all other settings at the default. All aquatic macroinvertebrate boxplots/graphs were creating
using R version 3.6.3 (R Core Team, 2020).

RESULTS
Macroinvertebrate Results
Aquatic Macroinvertebrate Biomass and Richness
First, I found variance around the significance in sampling techniques between waterbodies
(Figure 1.7). Specifically, for the Dip-Net sampling method, waterbodies showed no difference
in macroinvertebrate biomass (ANOVA for g/m2: F2, 7 = 1.40, P = 0.31 and ANOVA for g/m3:
F2, 7 = 1.42, P = 0.30), however, statistical difference was found for the core sampling method
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(ANOVA for g/m2: F2, 35 = 11.14, P = 0.00018 and ANOVA for g/m3: F2, 35 = 8.28, P = 0.00113;
Figure 1.7). TukeyHSD analysis further showed a significant difference between Taro Wetland
versus Fa’imulivai Marsh and Taro Wetland versus Pala Lake (Figure 1. 7). These differences
were further supported from biomass results, where Taro Wetland contained the highest mean
and median biomass using core sampling methods (54.93 g/m2 or 362.8 g/m3) as compared to
Fa’imulivai Marsh and Pala Lake (Figure 1.7). I note that the small sampling size at Taro
Wetland (Figure 1.5), along with the generally higher biomass of Gastropods (i.e.,
Assimineidaie, Physidae, and Thiaridae) that made up 88% of macroinvertebrates found within
Taro Wetland core samples may have affected results. Ideally, more samples would have been
taken in Taro Wetland and in more than a few locations, however, this was not possible due to
the agricultural practices taking place here.
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Figure 1.7 Box plot of the biomass of Dip-Net samples from the three waterbodies represented in
area (dry weight of macroinvertebrates (g/m2); A), box plots of the biomass of Dip-Net samples
represented in volume (g/m3) within each waterbody (B), Box plot of the biomass of core
samples represented in area (g/m2) within each waterbody (C), and box plots of the biomass of
core samples represented in volume (g/m3) within each waterbody (D). Box plots display
median, the 25th and 75th percentiles, whiskers representing ≥ 1.5 times the interquartile range
from the 25th and 75th percentiles, and outliers. Statistical analyses completed for boxplots
(ANOVA & Tukey HSD test) were completed using log(x+1) transformed data, and then backtransformed for boxplot visualization. Tukey HSD multi-comparison P-value results are
displayed above boxplots, significance levels are represented by *** (P < 0.001), ** (P < 0.01),
* (P < 0.05), ‘.’ (P < 0.1), and no P-value above a boxplot represents that the comparison is not
significant.
I found no significant sampling difference among the three wetlands for Dip-Nets, with
Pala Lake identified as having the highest mean biomass (5.21 g/m2 and 31.66 g/m3; Figure 1.7).
For Hester-Dendy traps, I found Taro Wetland with the highest diversity of macroinvertebrate
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overall and mean biomass (Table 1.4). Taro Wetland also contained the highest mean biomass in
core samples (Figure 1.7; Table 1.4).
Table 1.4 Waterbody sample size (n) and mean dry weight x̅ (dw g) ± standard error (SE) per
macroinvertebrate sampling method.
Dip-net Samples
3

x̅ (dw g) ± SE
0.484 ± 0.484

Fa’imulivai Marsh

4

Taro Wetland

3

Waterbody

n

Pala Lake

Core Samples

Hester-Dendy Sampler
n

15

x̅ (dw g) ± SE
0.002 ± 0.001

5

x̅ (dw g) ± SE
0.013 ± 0.013

0.023 ± 0.007

20

0.012 ± 0.005

5

0.005 ± 0.003

0.459 ± 0.217

3

0.112 ± 0.053

2

0.028 ± 0.029

n

Overall, the majority of each waterbody’s biomass was represented by Gastropods
(~89%), with the families Assimineidae (0.19%), Physidae (7.09%), Planorbidae (0.05%), and
Thiaridae (81.82%). Of the non-gastropod biomass, Chironomidae (0.35%), Naididae (0.41%),
and an unknown dipteran family (9.20%) were the most abundant. Note that unknown samples
appeared to potentially be pupae belonging to the family Chironomidae; but comparative
differences in morphology made it difficult to confidently classify these, and therefore were
placed within their own group during analyses (pictures of the “unknown” category vs. larvae
samples placed in the family Chironomidae can be seen in Figure 1.8). Regardless, samples
classified as “unknown” seemed to be in the pupal stage belonging to the order Dipteran.
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Figure 1.8 Pictures grouped within (A) are classified as “unknown” aquatic macroinvertebrates,
while pictures in (B) are aquatic macroinvertebrates in the family Chironomidae.

Macroinvertebrate family richness was calculated between the three sampling methods,
as well as the total richness for each waterbody based on all information across the three
sampling methods (i.e., core, Dip-Net, and Hester-Dendy). Note that richness was based on the
number of represented families and not species. I found that Fa’imulivai Marsh had the highest
richness (N = 12 families), followed by Taro Wetland (N = 6), and finally Pala Lake (N = 5;
Figure 1.9). Additionally, while I did not find a statistical difference when comparing HesterDendy samplers (F2, 9 = 0.46, P = 0.644), there was statistical differences in mean richness when
estimated from cores and Dip-Nets (F2, 35 = 5.40, P = 0.00903 and F2, 7 = 11.67, P = 0.0059;
Figure 1.9). Together, I found Taro Wetland and Fa’imulivai Marsh contained the highest
richness scores, and the fewest represented families were found in Pala Lake regardless of
sampling method (Figure 1.9).
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Figure 1.9 Total family richness of aquatic macroinvertebrate taxa found within each waterbody
(A), box plots of the macroinvertebrate family richness found within each waterbody with the
core sampling method (B), Hester-Dendy sampling method (C), and with the Dip-net sampling
method (D). Box plots display median, the 25th and 75th percentiles, whiskers representing ≥ 1.5
times the interquartile range from the 25th and 75th percentiles, and outliers. Statistical analyses
completed for boxplots (ANOVA & Tukey HSD test) were completed using square root
transformed data, and then back-transformed for boxplot visualization. Tukey HSD multicomparison P-value results are displayed above boxplots, significance levels are represented by
*** (P < 0.001), ** (P < 0.01), * (P < 0.05), ‘.’ (P < 0.1), and no P-value above a boxplot
represents that the comparison is not significant.
Macroinvertebrate Diversity
Shannon-Wiener diversity index (H′) and Simpson’s diversity index (D) scores were
calculated for each waterbody and used to compare taxonomic diversity across the waterbodies
(Shannon & Weaver, 1948; Simpson, 1949). Overall, diversity scores between Simpson’s and
Shannon-Wiener calculations were similar, with Fa’imulivai marsh containing the highest scores
(Figure 1.10), and thus, the highest aquatic macroinvertebrate diversity of the three waterbodies.
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Finally, I found similar scores for Taro Wetland and Pala Lake, suggesting these possess similar
macroinvertebrate diversity.

Figure 1.10 Bar graphs representing (A) Simpson’s diversity index scores and (B) ShannonWiener diversity index scores represented in a bar graph (B), calculated for aquatic
macroinvertebrate community data of the three waterbodies on Aunu’u, American Samoa.
Macroinvertebrate Biotic Indices Results
I found Fa’imulivai Marsh (7.31) with the highest Hilsenhoff Biotic Index (HBI) score, followed
by Pala Lake (7.03), and Taro Wetland (6.96; Figure 1.11). In general, all HBI scores fell into
the “poor” water quality category, indicating that surveyed habitats have lower water quality. In
fact, the SWAMPS-F index scores further corroborated HBI scores (Figure 1.11), suggesting that
all three waterbodies have strong or medium cultural eutrophication and human impacts (Figure
1.11). Lastly, the EPT score was 0.0 for all three waterbodies surveyed on the Island of Aunu’u.
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Figure 1.11 Hilsenhoff Family-level Biotic Index scores (HBI) for waterbodies in Aunu’u,
American Samoa, and their corresponding water quality (A). Swan Wetlands Aquatic
Macroinvertebrate Pollution Sensitivity Family-level (SWAMPS-F) Biotic index scores for
waterbodies in Aunu’u, American Samoa and their corresponding score (B). Refer to Tables 1.2
and 1.3 for interpretation of indices.

Vegetation Biomass and Plant Community
Biomass and Height
Dry biomass was only taken for Fa’imulivai Marsh and Pala Lake, with the average dry biomass
of Fa’imulivai Marsh being substantially higher than Pala Lake (Figure 1.12). Among plant
types, sedges comprised the majority of biomass on Fa’imulivai Marsh, while woody vegetation
made up the majority of biomass on Pala Lake (Figure 1.12).
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Biomass (g/m2)

Average Biomass per Vegetation Type
(g/m2) of Fa'imulivai Marsh and Pala Lake
900
750
600
450
300
150
0
Fa'imulivai Marsh
Pala Lake
Woody < 30cm
Ferns
Sedge
Forb

Pala Lake (g/m2)
26.81
12.24
0.00
0.00

Fa'imulivai Marsh
0.00
203.88
714.00
9.83

Figure 1.12 Average biomass (g/m2) for each vegetation type characterized on Fa’imulivai
Marsh and Pala Lake.
Groundcover and Dominant Plant Species
Groundcover followed a similar pattern as biomass in Fa’imulivai Marsh and Pala Lake. First,
ground cover reported for all Pala Lake plots were leaf litter, bare ground, roots, moss cover,
woody vegetation (mostly young mangroves), downed branches, and ferns. Most plots had few
(10%) sprouting mangroves all identified as B. gymnorhiza. A complete plant species list of Pala
Lake can be found in Table 1.5. Next, Fa’imulivai Marsh almost exclusively consisted of sedge
cover, fern, and open water. The dominant species in Fa’imulivai Marsh was E. dulcis, A.
aureum, and C. interruptus (also see Table 1.9). E. dulcis was found in 100% of plots. Note that
these results are in contrast to those done in the 1980s where C. interruptus was the abundant
species and the E. dulcis was rare (Whistler, 1980), suggesting a substantial shift in plant
communities in the area over the last 40 years.
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Finally, Taro Wetland largely consisted of A. aureum, Colocasia sp., Eichhornia
crassipes, and C. interruptus, but a variety of “weedy” species were also present (Table 1.5).
Although not directly found in the aquatic habitat, the bordering terrestrial habitat had a variety
of forbs, grasses, and sedges that can serve as important food sources for Pacific Black Ducks. A
complete list of dominant and common plants found in Taro Wetland can be found in Table 1.5.
In general, compared to Pala Lake and Fa’imulivai Marsh, Taro Wetland had the most plant
diversity of all three waterbody sites.
Table 1.5 Plant genus/species found in shallow water margins of the three waterbodies surveyed
on Aunu’u, American Samoa.
Species

Family

Pala Lake
Asplenium nidus
Bruguiera gymnorhiza
Cocus nucifera
Dendrobium spp.
Hoya australis

Aspleniaceae
Rhizophoraceae
Arecaceae
Orchidaceae
Apocynaceae

Fa’imulivai Marsh
Acrostichum aureum
Cyclosorus interruptus
Eleocharis dulcis
Hibiscus tiliaceae

Pteridaceae
Thelypteridaceae
Cyperaceae
Malvaceae

Taro Wetland
Eichhornia crassipes
Blechum pyramidatum
Canavalia rosea
Carica papaya
Commelina diffusa
Desmodium incanum
Desmodium triflorum
Ipomea aquatica
Killinga nemoralis
Limnophila fragrans
ludwigia hyssopifolia

Pontederiaceae
Acanthaceae
Fabaceae
Caricaceae
Commelinaceae
Fabaceae
Fabaceae
Convolvulaceae
Cyperaceae
Scrophulariaceae
Onagraceae
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Mikania micrantha
Mimosa pudica
Musa x paradisiaca
Nephrolepis sp.
Paspalum sp.
Phyllanthus sp.
Polygala paniculata
Stachytarpheta urticifolia
Acrostichum aureum
Cocus nucifera
Colocasia sp.
Cyclosorus interruptus
Unknown sp.
Unknown sp.

Asteraceae
Fabaceae
Musaceae
Nephrolepidaceae
Poaceae
Euphorbiaceae
Polygaceae
Verbenaceae
Pteridaceae
Arecaceae
Aracaceae
Thelypteridaceae
Cyperaceae
Convolvulaceae

Environmental Variables and Non-Metric Dimensional Scaling Results
The macroinvertebrate community was found to be a good fit for the two dimensional ordination
space (metaMDS stress value of 0.08), and was also homogeneously distributed across the
ordination space. Testing among environmental variables, I found dissolved oxygen, barometric
pressure, temperature, and conductivity to be significantly (P < 0.01) associated with the
macroinvertebrate community; only Ph was not correlated (P > 0.05). Among possible
environmental variables, specific conductivity (SpC) was found to be a leading variable affecting
macroinvertebrate community structure. Specifically, Fa’imulivai Marsh and Taro Wetland
contained mean SpC values indicative of a fresh water habitat (Table 1.6), whereas SpC levels in
Pala Lake were at near seawater quantities (Fondriest Environmental Inc., 2014; Table 1.6). A
closer examination of SpC values in Pala Lake displayed variance in salinity concentrations
across the marsh habitat, and which correlated with the macroinvertebrate community (Figure
1.13). Specifically, a more robust macroinvertebrate community with a higher total family
richness was found in Fa’imulivai Marsh where a lower SpC value is found (see Table 1.6 and
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Figure 1.9 and 1.13). In fact, further analysis identified that the macroinvertebrate community in
Pala Lake (pairwise.adonis P < 0.05) was significantly different than Taro Wetland and
Fa’imulivai Marsh. NMDS analysis recovered a less diverse macroinvertebrate community in
Pala Lake, and there was a low abundance of macroinvertebrates found here. This likely explains
the significant difference found between Pala Lake and Taro Wetland and Fa’imulivai Marsh,
where macroinvertebrates were more abundant.
Table 1.6 Environmental data are represented as the average (x̅) ± standard error (SE) of
environmental variables sampled per waterbody (n) using a YSI multiparameter probe.

Environmental Variable
Temperature (°C)
mmHg
% Dissolved Oxygen
Dissolved Oxygen (mg/L)
spCond (µS/cm)
Ph

Pala Lake
(n=5)
x̅ ± SE
30.9 ± 0.9
760.22 ± 0.05
90.24 ± 22.45
5.76 ± 1.37
40924 ± 575.11
7.86 ± 0.1

Waterbody
Fa’imulivai Marsh
(n=6)
x̅ ± SE
27.6 ± 0.3
759.83 ± 0.06
73.6 ± 15.78
5.81 ± 1.25
278.27 ± 18.69
7.1 ± 0.31

Taro Wetland
(n=3)
x̅ ± SE
29.67 ± .53
760.07 ± 0.03
20.4 ± 8.01
1.54 ± 0.6
1286.33 ± 303.06
7.35 ± 0.08

Finally, the results of the NMDS show that there is a significant difference in sampling
methods, specifically in Dip-Net (DN) vs. core (CS) sampling methods (P-value of .006) with
the pairwise.adonis function. Sampling methods also resulted in different families of aquatic
macroinvertebrates being found in the three waterbodies, with Dip-Net seeming to be the most
efficient sampling method at macroinvertebrate collection for Fa’imulivai Marsh (Figure 1.13).
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Figure 1.13 Non-metric multidimensional scaling (NMDS; K = 2, Stress = 0.08) of aquatic
macroinvertebrate family communities in three waterbodies in Aunu’u, American Samoa.
Macroinvertebrate families are represented by an asterisk symbol. Sample site locations are
represented by waterbody name (color) and sampling method (shape). Environmental vectors
placed on the ordination surface represent significant (P < 0.01) factors by PERMANOVA test
in R: temperature (Temp °C), dissolved oxygen (DO mg/L), barometric pressure (mmHg), and
(P < 0.001): water conductivity (SpC), and therefore, non-significant environmental factors are
not represented on the ordination space (i.e., Ph).

Pacific Black Duck Morphology & Behavior
Measurements were taken for three Pacific Black Ducks, and included an adult and juvenile
male, and a juvenile female. The three Pacific Black Ducks assessed on the Island of Aunu’u
(i.e., an adult male weighing at 700 grams, a juvenile male at 575 grams, and a juvenile female at
525 grams; Table 1.7) all weighed much less than their respective sex-age cohort of populations
in New Zealand (i.e., New Zealand mean weight of adult males was 1069 grams and 967 for
adult females; Williams, 2017). Similarly, bill width, tarsus, tail, bill, and wing lengths were all
smaller in Aunu’u’s population than elsewhere (Table 1.7; Williams, 2017). Interestingly,
however, body length coincided with previous reports ranging 47-60 cm (Table 1.7; Merchant &
Higgins, 1990). I also note that during time-activity-budgets, Pacific Black Ducks were observed
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to be relatively similar in size – i.e., ducks were not proportionally larger or smaller than one
another, and all had similar morphological traits. Overall, the three Pacific Black Ducks from the
population on the Island of Aunu’u, American Samoa, appear to be substantially smaller than
average size in populations elsewhere.
Table 1.7 Morphological measurements of capture-released Pacific Black Ducks on Aunu’u,
American Samoa.

78

1.91

49.00

Culmen
From
Nares
(cm)
3.60

78

1.73

47.00

83

1.76

NA

Bill
Body
Bill
Description
Width Length
Color
(cm)
(cm)
Adult Male
Juvenile
Male
Juvenile
Female

Culmen
Tail
Tarsus
Wing
Weight
Length Length Length
Length
(g)
(cm)
(cm)
(cm)
(cm)
4.62

7.60

4.84

700

23.90

3.32

4.27

6.40

4.81

575

22.90

3.29

4.17

NA

47

525

210

All time-activity-budgets were done at Pala Lake where Pacific Black Ducks were most
common throughout the day. In general, this population of Pacific Black Ducks displayed
activities common to other anatids, including locomotion, resting, and feeding being the most
often displayed activity (Figure 1.14; Mason et al., 2013; Norman et al., 1979; Stuart L. Paulus,
1984). Interestingly, feeding behavior included introduced Tilapia. This is the first report of
Pacific Black Ducks feeding on Tilapia. In short, I observed Pacific Black Ducks swimming
throughout the waterbody, picking up speed as they approached a school of Tilapia, and feeding
via a pecking-like motion as they moved through the school. In fact, I observed potential group
hunting strategies undertaken as multiple Pacific Black Ducks were noted to push schools of fish
into shallow waters before they increased speed, and subsequently moving and pecking through
the water almost synchronously. A successful catch was denoted by individual Pacific Black
Ducks consuming entire fish. Note that the high rate with which locomotion was represented in
the time-activity budget (41%) coincided with movement exhibited during this hunting behavior
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(Figure 1.14). Although fish consumption has been reported in other dabbling ducks, including
mallards, such behavior is still considered unusual (Cooper & Johnson, 1997; Eaton, Wilson,
Elmer, & Parker, 2017; Gleason, 2007; Harrison, 1962; Olsen, Cox, Afton, & Davison Ankney,
2011; Street, 1977). However, the introduced Tilapia appears to be an important food source for
these Pacific Black Ducks on the Island of Aunu’u.
In addition to these common behaviors, Pacific Black Ducks also displayed mating and
aggressive behaviors (i.e., grunt-whistle, head-up-tail-up, inciting, chasing, etc.) throughout the
duration of the study. In fact, Pacific Black Ducks were seen taking part in mating displays,
copulation, and brood rearing during the months of June and July, suggesting asynchronous
breeding and brooding behaviors.

Figure 1.14 Time-Activity-Budget analysis and the associated percent of time spent in each
activity by Pacific Black Ducks as observed in Pala Lake on the Island of Aunu’u, American
Samoa.
Finally, PTT tracking devices were outfitted on each of the three Pacific Black Ducks
captured around Taro Wetland. Unfortunately, one device (juvenile female) never transmitted.
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For the other two trackers fitted on the adult and juvenile male in early June 2018, data was
received until October 2018 and July 2018, respectively. Both ducks spent the majority of time
around Taro Wetland and Pala Lake, with infrequent visits to Fa’imulivai Marsh (Figure 1.15).
The two Pacific Black Ducks (adult and juvenile) spent a majority of their time in the same two
habitats, however, the adult male was more frequently around Pala Lake and the juvenile male
around Taro Wetland (Figure 1.15A). Interestingly, the adult male had one transmission point
220 miles West of Taro Wetland on 7/17/2019 (Figure 1.15C), and the next day there was a point
at the middle of the straight between Tutuila and Aunu’u (Figure 1.15B), and subsequently with
points on Aunu’u once again (Figure 1.15A). The transmission 220 miles West of Taro Wetland
could be anomalous due to the large distance gained here. However, the high accuracy associated
with these points off Aunu’u suggests that these birds do engage in occasional inter-Island
movement. In fact, two birds were spotted flying from Tutuila to Aunu’u on one occasion, but
this was a rarity and was not seen often (USFWS employee, personal communication, 2019).
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Figure 1.15 Pacific Black Duck PTT Tracker reports on the Island of Aunu’u, American Samoa,
showing habitat preferences (A), travel between the Island of Aunu’u and Tutuila Island (B), and
potential travel in the Pacfic Ocean to the west of American Samoa and past Samoa (C).
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DISCUSSION
Factors Affecting Macroinvertebrate Communities across Waterbodies on the
Island of Aunu’u, American Samoa
Here, I provide the first assessment of Aunu’u Island’s macroinvertebrate communities and
relate this to the habitat quality for Pacific Black Ducks on Aunu’u Island. First, ecological
assessments revealed high anthropogenic influence of the biodiversity represented across
remaining waterbodies of Aunu’u, American Samoa. In addition to both HBI and SWAMPS-F
indices falling in the “poor” category (Figure 1.11), a high abundance of Dipterans and
Oligochaeta and no EPT species present across waterbodies supports these to be poor water
quality (Ferreira et al., 2014; Robinson & Groat, 2004; Rosenberg & Resh, 1993). Among
waterbodies, anthropogenic impact was innately present on Taro Wetland due to ongoing
agricultural activities, while Pala Lake was also directly impacted through the introduction of
Tilapia. Interestingly, however, whereas a diverse aquatic macroinvertebrate community was still
found in the agricultural landscape of Taro Wetland, the introduction of Tilapia in Pala Lake
likely explains the relatively lower aquatic macroinvertebrate community, richness, and
diversity, due to the potential for Tilapia to consume aquatic macroinvertebrates (see Figure 1.9,
1.10 and 1.13; Carlisle & Hawkins, 1998; Mallory, Blancher, Weatherhead, & McNicol, 1994;
Marklund, Sandsten, Hansson, & Blindow, 2002; Schilling, Loftin, & Huryn, 2009). Although
fish and eels were observed in Taro Wetland and Fa’imulivai Marsh, respectively, I did not
observe the same impact on the macroinvertebrate communities as observed in Pala Lake (see
also Figure 1.13). Specifically, macroinvertebrate communities in Pala Lake were likely
significantly impacted due to the concentration of these farmed Tilapia that are known to be very
tolerant of temperature and salinity conditions, breed rapidly, and consume a variety of food
items (i.e., including aquatic macroinvertebrates; Peterson, Slack, & Woodley, 2005). In addition
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to fish affecting the macroinvertebrate community in Pala Lake, this waterbody is also not very
robust in submerged, emergent, or floating aquatic vegetation, which are known to directly (i.e.,
growth medium; Dudgeon, 1994; Jeffries, 1993; Khudhair, Yan, Liu, & Yu, 2019; Krecker,
1939; Rosine, 1955) and indirectly (e.g., hiding from predation; Dionne, Butler, & Folt, 1990;
Rooke, 1984; Schilling et al., 2009) to influence macroinvertebrate communities. Finally, high
salinity concentrations in Pala Lake compared to Taro Wetland and Fa’imulivai Marsh (Table
1.6) was found to be correlated with macroinvertebrate community structure (i.e., low richness
and diversity scores can be indicative of a less favorable and poor water quality for
macroinvertebrate assemblages; Figures 1.9 and 1.10; Gheteu & Costin, n.d.; Xu, Wang, Duan,
& Pan, 2014). Together, I conclude that the macroinvertebrate community of Pala Lake is likely
impacted by the high abundance of introduced Tilapia, low density and diversity of aquatic
vegetation, and a high-water temperature and salinity.
Whereas Fa’imulivai Marsh still possesses generally low diversity scores when compared
to assessments in other tropical systems (Forio et al., 2017; Scarsbrook et al., 2010), it was the
highest of the three surveyed waterbodies on the Island of Aunu’u (Figure 1.10). Specifically, the
water chemistry of Fa’imulivai Marsh supported that this marsh represents a freshwater or semifreshwater habitat (i.e., more dissolved oxygen, lower temperatures, and less salinity; see Table
1.6; Brucet et al., 2012; Connolly, Crossland, & Pearson, 2004; Forio et al., 2017). Not
surprisingly, Fa’imulivai Marsh resulted in higher diversity and richness scores, showing that
this waterbody consisted of a more ideal habitat for aquatic macroinvertebrates (Figures 1.9 and
1.10). Although anthropogenic influences have been limited on Fa’imulivai Marsh, the
vegetation surrounding the waterbody has been subjected to significant disturbance. In fact,
vegetation in Fa’imulivai Marsh was said to be almost non-existent after disturbances from the
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earthquake and tsunami experienced on September 29th, 2009, in American Samoa (USFWS
employees, personal communication, 2019). The waterbody slowly increased in size, water
capacity, as well as the surrounding vegetation after the earthquake and tsunami. Moreover, local
Islanders confirmed that the water in Fa’imulivai Marsh can fluctuate depending on the tide, thus
flooding over into the streets, or receding greatly. This is likely to affect the salinity in the
waterbody which could have a negative impact on the macroinvertebrate community during
these events. Future work will benefit from continued monitoring to determine how disturbances
and chemistry impact macroinvertebrate communities on the Island of Aunu’u.
Finally, while Taro Wetlands total species richness, biotic indices, and diversity scores
were relatively low compared to Fa’imulivai Marsh, this area could still contain sufficient
aquatic macroinvertebrate food for waterfowl. Taro Wetland contained the highest
macroinvertebrate biomass (Figure 1.7) due to the high proportion of Gastropods found in core
and Dip-Net samples (i.e., Gastropods made up 88% of core samples here). Gastropods are an
important food to waterfowl diet and are especially important in providing nutrients for egg
production (Eldridge, 1990). Therefore, in terms of macroinvertebrate communities and diversity
Fa’imulivai Marsh is an important location for waterfowl. Additionally, Taro Wetland is an
important location due to the higher macroinvertebrate biomass when compared to Fa’imulivai
Marsh and Pala Lake. Fa’imulivai Marsh and Taro Wetland, therefore, provide the most benefit
to waterfowl feeding on aquatic macroinvertebrates and suggest these locations are important
habitats. Surprisingly, while biomass, richness, and diversity of aquatic macroinvertebrates were
lowest in Pala Lake (i.e., Figures 1.7, 1.9, and 1.10), birds were seen most consistently in this
location, with Pacific Black Duck sightings and feedings occurring in Pala Lake almost daily,
suggesting a benefit other than macroinvertebrate community structure in this location (i.e.,
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feeding on introduced Tilapia). Thus, I conclude that all three waterbodies have the potential to
provide an important habitat for Pacific Black Ducks on the Island of Aunu’u, through a variety
of different food sources, anthropogenic disturbance rates, environmental qualities, and plant and
macroinvertebrate communities, making each waterbody critical in maintaining Pacific Black
Ducks on the Island of Aunu’u.

Morphological Differences, Feeding Habits, and Life-history Changes of
Pacific Black Ducks on the Island of Aunu’u, American Samoa
I provide the first behavioral and morphological data for Pacific Black Ducks on the Island of
Aunu’u and propose that changes in diet, morphology, and reproductive life histories are likely
due to adaptations to the unique selective pressures of the Island. In general, the morphological
changes seen in the studied Pacific Black Ducks could be resulting from Fosters rule that states
any island population will drastically change in overall size depending on the quality and
quantity of food, predation, population size, and intra- and interspecific competition (Clegg &
Owens, 2002; Foster, 1964; McNab, 1994). In fact, I found relatively low macroinvertebrate
diversity scores and overall habitat quality compared to other locations where Pacific Black
Ducks are found and other tropical islands, likely tied to the size of Aunu’u. Thus, such a smaller
carrying capacity would predict that this population of Pacific Black Duck would exhibit smaller
body sizes as compared to their mainland cousins (Keppel, Buckley, & Possingham, 2010; Kohn
& Walsh, 1994). Indeed I find that sampled Pacific Black Ducks showed extreme morphological
differences (Table 1.7), including being 300-500 grams smaller despite being similar in length to
other populations of Pacific Black Ducks (Merchant & Higgins, 1990), suggesting there are
pressures affecting Pacific Black Ducks on islands not typically seen in populations from
Australia and New Zealand. While I acknowledge that the few individuals that I was able to
assess does warrant caution, the number of sampled ducks on the Island of Aunu’u still
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represented ~5-10% of the population that is currently estimated to be around 30-50 individuals
(USFWS, personal communication, 2019). In addition, the small body size of the three ducks
that were caught was not only characteristic of other Pacific Black Ducks that were visually
assessed during time-activity-budgets, but that these sizes appear to be typical of Pacific Black
Duck populations found on Pacific Islands (Kear, 2005). Therefore, traits seen in Pacific Black
Ducks on the Island of Aunu’u could potentially be explained by various pressures enacted on
these ducks due to their recent establishment on the Island.
Fosters or the “Island Rule” states that species colonizing islands will often display
extreme morphologies and behavior changes compared to their mainland counterparts (Foster,
1964). Specifically, dwarfism is predicted in populations experiencing limited resources and
insufficient nutrients, or gigantism if they are experiencing decreased predation and increases in
resource availability (Clegg & Owens, 2002; Foster, 1964). Often times, population size and
body size is simply related to the quality and quantity of available food resources, and the
resulting intra- and interspecific competition for these items (McNab, 1994). In fact, a change in
diet to increase the amount of protein-rich food sources has been reported in some waterfowl
species residing on islands versus their counterparts that mainly feed on vegetation, with some
species showing more specialized niche space in their island environment than their mainland
counterparts (Lack, 1970). Thus, the competition between species of an already non-abundant or
diminished quality of food resources directly causes a reduction in energy expenditure, and thus
a reduced body mass (McNab, 1994). For example, the Aukland Island Teal (A. aucklandica)
and Campbell Island Teal (A. nesiotis), were shown to have a reduction in mass by 84% and
56%, respectively, as compared to their mainland sister taxa, the New Zealand Brown Teal (A.
chlorotis; Filin & Ziv, 2004; McNab, 1994). Thus, I posit that Pacific Black Ducks on the Island
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of Aunu’u may similarly be under directional selection for smaller size due to forces influenced
by the Island Rule.

In addition to the Island Rule, Pacific Black Ducks on the Island of Aunu’u could also be
affected by Bergmann’s rules, which states that a species can display morphological changes due
to a latitudinal gradient, with species closer to the equator often containing smaller body sizes
than species further away and in colder climates (Bergmann, 1847; James, 1970; Ernst Mayr,
1956). In fact, given that American Samoa is ~1,600 km south of the equator, a smaller surface
area to volume ratio is expected to be beneficial to the long-term survival of an animal. In fact,
Bergmann’s Rule is thought to play an important role in the reduction in body size of birds
today, with some North American bird species decreasing in size as an effect of climate change
(Weeks et al., 2020).
Generally, it is expected that colonization of a novel island will tend to force a population
to adapt to changes in ecology, including available food resources, nesting habitat, and predator
communities (Lack, 1970). Given that species diversity often relates to size, a positive
relationship between island size and species per quadrant can be expected under the “specieshabitat-area” hypothesis (Keppel et al., 2010; Kohn & Walsh, 1994). In fact, the generally low
macroinvertebrate community found on the Island of Aunu’u is thus not only impacted by
anthropogenic influences, but the generally small size of the Island (i.e., land area of 1.5 km2).
This lower diversity can be expected to impact the survival of colonizing Pacific Black Ducks, as
lower species diversity and less food resources is known to impact other newly colonized island
species (Losos & Ricklefs, 2009). Unfamiliar environments require populations to quickly
respond to changes (Ghalambor, McKay, Carroll, & Reznick, 2007; Price, Qvarnström, & Irwin,
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2003), and which often result in morphological and lifestyle changes (McNab, 1994). While
some species are adapted to and survive in systems with limited biodiversity (i.e., animals in arid
deserts and arctic regions), and other animals are diet-specialists and lack diversity in the foods
they consume (i.e., koalas mainly consuming foliage from the genus Eucalyptus), other animals
moving from an established location of residence to a new location are often presented with
unfamiliar changes in biodiversity. Pacific Black Duck are tending with lower macroinvertebrate
and plant diversity and richness on a new Island system in comparison to Pacific Black Ducks in
Australia or New Zealand. In fact, Scarsbrook et al. (2010) found that streams in New Zealand
had a Shannon diversity score of 1.52-2.56, which is higher than the values found in all three of
waterbodies on the Island of Aunu’u. Tropical Islands are also thought to have a more sparse
macroinvertebrate community, likely due to small island size, more frequent natural
disturbances, and the oceanic origin of some islands (Bass, 2003). Additionally, species richness
was reported to be lower in a village on Tutuila (American Samoa’s main Island) than the
Solomon Islands, Samoa, New Guinea, Fiji, and Vanuatu (Keppel et al., 2010). Therefore, in the
case of the Pacific Black Duck on the Island of Aunu’u, I posit that the consumption of fish is
likely adaptive in a landscape that is lacking in other food sources (Lack, 1970). Although,
dabbling ducks are known to show opportunistic and advantageous behaviors such as feeding on
fishes, such behaviors remain infrequent. For example, Pacific Black Ducks were once found to
exhibit kleptoparasitism towards Hardhead ducks (Aythya australis) of freshwater mussels
(Woodall, 1984) and were even observed feeding on Rock Pigeon flesh (Columba livia; Guay &
Gregurke, 2007). Moreover, Mallard ducklings have been observed to consume fish eggs on a
man-made quarry (Street, 1977), while adult Mallards have been seen feeding on Pacific Salmon
(Oncorhynchus spp.; Gleason, 2007), Rainbow Smelt (Osmerus mordax; Olsen et al., 2011), and
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other fish species (Cooper & Johnson, 1997; Eaton et al., 2017; Harrison, 1962). However, all
the above traits, including fish consumption, remain infrequently displayed and are still
considered a rarely-exhibited trait (Eaton et al., 2017). The capacity to change feeding habits
does demonstrates their plasticity, and the capacity for these birds to adapt (Gleason, 2007).
Finally, whereas Pacific Black Ducks are reported to have seasonal mating, nesting, and
usually monogamous pairings (Merchant & Higgins, 1990), those on the Island of Aunu’u
simultaneously displayed all major life-history traits during the time of observation; suggesting
an asynchronous nature in their life-histories. Drastic changes in the life-histories of island
populations compared to their source group(s) have been previously reported (in White-cheeked
Pintails, A. bahamensis, in the Bahamas and Hawaiian Ducks, A. wyvilliana; Malachowski,
Dugger, & Uyehara, 2019; L. G. Sorenson, 1992; L. Sorenson, Sorenson, Woodworth, Ruttan, &
McKinney, 1992), and thought to occur with extended breeding seasons, sedentary lifestyles, and
reflecting a competition for quality mates (L. G. Sorenson, 1992; L. Sorenson et al., 1992).

MANAGEMENT AND CONSERVATION IMPLICATIONS
A multifaceted approach is required for the management of waterfowl on Aunu’u, American
Samoa. While traditional approaches would focus on typical dabbling duck habitat quality and
food abundance, this approach might have missed identifying important habitat types and
important food source (i.e., Tilapia). In general, habitat assessments suggests that in addition to
Pala Lake’s introduced Tilapia as an important resource, generally high macroinvertebrate
communities of Fa’imulivai Marsh and Gastropod abundance in Taro Wetlands makes all three
critically important in sustaining these Pacific Black Ducks on the Island. Among sites, the food
availability and plant species provided in Taro Wetland likely explains tracker data identifying
this as a high-use area for Pacific Black Ducks (Figure 1.15). Together, these data highlight the
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importance of Taro Wetlands, which potentially provide a unique conservation opportunity to
strike a balance between agricultural and wildlife needs. In fact, a more robust study is needed on
the possible importance of Taro agricultural waterbodies in island systems, and the extent to
which they support Pacific Black Ducks and other waterfowl. Additionally, a more robust look
into the unique behaviors displayed by Pacific Black Ducks on the Island of Aunu’u is needed to
not only better understand how they are adapting to resource limitations, but also help better
estimate carrying capacity.
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CHAPTER TWO: POPULATION GENETICS AND ISLAND
BIOGEOGRAPHY OF MALLARD-LIKE DUCKS OF OCEANIA,
GREATER INDONESIA, AND THE PHILIPPINES
INTRODUCTION
Appropriate taxonomic identification of populations has important implications towards any
attempts to implement conservation strategies (Supple & Shapiro, 2018). Thus, demarcating a
population’s unit of conservation is a critical first step (Brown et al., 2021; Peters et al., 2016).
Unfortunately, not only are the criteria satisfying what a “species” is are still highly debated
(e.g., evolutionary, biological, phylogenetic, genic, differential fitness species concept, etc.;
Cracraft, 1983; Eldredge, 1980; Frankham et al., 2012; E. Mayr, 1942; E Mayr, 1999; Wu,
2001), but the criteria for higher levels of partitioning (i.e., subspecies) is further complicated by
more thresholds and subjectivity (Patten, 2015). For example, while the biological species
concept is based on breeding potential (E. Mayr, 1942; E Mayr, 1999), others are dissimilar by
the extent of derived variation from their ancestral population (i.e., evolutionary species concept;
Wiley, 1978), or simply the capacity to form diagnosable clusters (i.e., phylogenetic species
concept; Cracraft, 1983; Eldredge, 1980). Advancements in molecular methods have allowed the
conservation community to focus on the latter two concepts, in which populations are
distinguished by their genetic uniqueness and evolutionary or adaptive potential as compared to
other conspecifics (Brown et al., 2021; Crandall, Bininda-Emonds, Mace, & Wayne, 2000;
Delaney, Zafar, & Wayne, 2008; Oswald et al., 2016; Peters et al., 2016; Ralls et al., 2018). Such
efforts have been especially important for the conservation of locally adapted, as well as cryptic
species (Esterhuizen et al., 2013; Johnson et al., 2010; Kon, Yoshino, Mukai, & Nishida, 2007;
Wada, Oishi, & Yamada, 2003; Watanabe et al., 2010). Here, I reconstruct population and
evolutionary histories for several mallard-like duck’s endemic to Oceania, Greater Indonesia,
53

and the Philippines, and relate these to the island biogeography of the area where several are now
endemic to.
The Mallard Complex (Genus Anas) is comprised of 14 closely related species of ducks
with endemic species now found on almost all major landmasses and islands (Philip Lavretsky,
Herná Ndez-Bã, & Peters, 2014; Philip Lavretsky, McCracken, et al., 2014). In fact, Lavretsky,
McCracken, et al. (2014) hypothesized that the complex’s ancestral African species likely
simultaneously colonized Oceania and the Holarctic, with divergence beginning approximately 1
million years ago. Currently, there are two extant species of Mallard-like duck’s endemic to
Oceania, Greater Indonesia, and the Philippines, which includes the Philippine Duck (Anas
luzonica) and Pacific Black Duck (A. superciliosa). Despite current classifications, true
evolutionary histories, as well as how these ducks colonized and adapted to the islands that make
up Oceania, Greater Indonesia, and the Philippines remains unknown. For example, the
evolutionary history of the Philippine Duck has been hypothesized to be of hybrid origin
resulting from interbreeding between ancestral Pacific Black Duck and Holarctic Mallard (A.
platyrhynchos) populations (Philip Lavretsky, McCracken, et al., 2014). In fact, the same history
was proposed for another geographically close but extinct species, the Mariana Mallard (A.
oustaleti), and empirical evidence exists supporting a hybrid origin for the Hawaiian Duck (A.
wyviliana) – i.e., Laysan Duck (A. layesensis) x Mallard (P. Lavretsky, Engilis, Eadie, & Peters,
2015). Thus, it is evident that interbreeding among these Mallard-like ducks can result in the
evolution of unique taxa.
In contrast to the Philippine Duck, Pacific Black Ducks are broken into three subspecies
with taxonomic identification largely based on morphological observations and geography (Kear,
2005). However, in both cases, there is a lack of contemporary molecular analyses to shed light
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into their true taxonomy. Importantly, given that the Philippine Duck and many populations of
Pacific Black Duck are considered vulnerable and of conservation concern, establishing standing
diversity and population interconnectedness will be critical in future conservation planning
(Brown et al., 2021). Towards this, I use thousands of molecular markers and range-wide
sampling to reconstruct the evolutionary histories and contemporary population structure of
Philippine and Pacific Black Ducks.
While the Philippine Duck is endemic to the Philippines, Pacific Black Ducks range
widely across Oceania and Greater Indonesia (Figure 2.1). In short, A. s. rogersi are found
throughout Australia, Tasmania, Southern Papua New Guinea, and Timor-Leste in Indonesia
(a.k.a, Pacific Black Duck), A. s. superciliosa reside in New Zealand (a.k.a, Grey Ducks), and A.
s. pelewensis are found across the Solomon Islands, Northern Papua New Guinea, and other
Pacific Islands (a.k.a, Lesser Grey Ducks; Kear, 2005). Currently, the majority of taxonomic and
range classifications for these are still based on morphological differences (Murray Williams,
2019); although some subspecies-specific studies exist using few molecular markers (Brown et
al., 2021; Rhymer et al., 2004). In addition to general size, minor differences in morphological
and molecular traits exist: (1) A. s. rogersi and A. s. superciliosa containing slight differences in
bill and leg color (Murray Williams, 2019) and divergent mitochondrial haplogroups (Brown et
al., 2021; Rhymer et al., 2004), (2) A. s. pelewensis possessing body and wing lengths that are
significantly smaller (Kear, 2005; Murray Williams, 2019), as well as have nuclear and
mitochondrial variation distinct from A. s. rogersi and A. s. superciliosa birds (Brown et al.,
2021; Rhymer et al., 2004), and (3) morphological differences are found among Pacific Black
Ducks within regions of Australia (i.e., wing measurments; Murray Williams, 2019). However, a
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comprehensive genomic analysis of all three subspecies to test whether morphological,
molecular, and taxonomic associations are consistent across space is lacking.
Similarly, research into the potential issues of introgressive hybridization in Philippine or
Pacific Black Ducks with introduced Mallards (wild or domestic) remains limited to
morphological data and/or few markers (Brown et al., 2021; Rhymer & Braun, 1994; Rhymer et
al., 2004). In short, the Mallard has been introduced across Oceania, Greater Indonesia, and the
Philippines, and no studies currently exists examining potential hybridization issues for
Philippine Ducks. The majority of current work has solely focused on hybridization of Pacific
Black Ducks ranging in Australia (Guay, Taysom, Robinson, & Tracey, 2014; Taysom, 2015)
and New Zealand (Dryer & Williams, 2010; Gillespie, 1985; Guay et al., 2014; Guay & Tracey
J, 2009; Tracey, Lukins, Haselden, Board, & Island, 2008; M Williams & Basse, 2006). Thus,
not only are taxonomic updates potentially needed, but basic evaluation of standing genomic
diversity and risk of hybridization is necessary to make informed conservation decisions.
Towards these ends, I assay the mitochondrial control region and thousands of double‐digest
restriction site–associated DNA sequenced (ddRADseq) loci across Philippine Ducks and Pacific
Black Ducks sampled across their respective ranges (Figure 2.2). Notably, I was able to obtain
Pacific Black Duck samples from the Island of Aunu’u, American Samoa. Not only does this
population represent one of the most eastern locations for Pacific Black Ducks, but has been a
hypothesized result of a relatively recent colonization event (~1970s; U.S. Fish and Wildlife
Service employees, personal communication, 2019). Given predicted geographical distributions
of the three Pacific Black Duck subspecies, I expect these individuals to cluster with and be
identified as A. s. pelewensis. These data will shed light into the biology of these understudied
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organisms and provide critical molecular data to be used in possible taxonomic re-evaluations
and future conservation efforts.

METHODS
Genetic Lab Techniques Protocol
Pacific Black Duck and other Dabbling Duck Sampling and DNA Extraction Techniques
A total of 44 Philippine Ducks and 105 Pacific Black Ducks (A. s. ssp.) were sampled across
their respective ranges (Figure 2.2). Samples for the three subspecies of Pacific Black Ducks
consisted of: (1) A. s. rogersi sampled in Australia (N = 55), Timor-Leste, Indonesia (N = 4),
Tasmania, Australia, (N = 2), and New Guinea (N = 4), (2) A. s. superciliosa sampled from New
Zealand (N = 30), and (3) A. s. pelewensis from Aunu’u, American Samoa (N = 3), and Solomon
Islands (N = 7; Figure 2.2A, B). Previously published comparable ddRAD-seq and mtDNA
sequences for game-farm (N = 31) and wild Mallard (N = 30) samples were included in
respective analyses (Figure 2.1; Philip Lavretsky, DaCosta, Sorenson, McCracken, & Peters,
2019; Philip Lavretsky et al., 2020), permitting me to test for evidence of ancestral (i.e., hybrid
species hypothesis for the Philippine Duck; P. Lavretsky, McCracken, & Peters, 2014) or
contemporary gene flow between wild and/or domestic mallards and sampled Philippine and
Pacific Black Ducks.
DNA was extracted from blood from live-caught birds (Pacific Black Ducks) and tissue
or liver from confiscated illegally harvested ducks (Philippine Ducks; Licuanan, Duya, Ong, &
Fontanilla, 2017) using Qiagen’s DNeasy Blood and Tissue kit following the manufacturer’s
instructions (Qiagen, Valencia, CA, USA). DNA was then quantified on a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific Inc.) to ensure 0.02 µg/µl of DNA. Extracted
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DNA samples were then stored in a -80°C freezer at the University of Texas at El Paso until
further analysis.

Figure 2.1 Sample locations of wild (pink) and game-farm (green) Mallards sampled in North
America.
Double Digest Restriction Associated DNA Sequencing (ddRAD-seq) Library Preparation
ddRAD sequencing followed protocols outlined in DaCosta and Sorenson (2014; also see
Lavretsky et al. 2015). In detail, ~1µg of genomic DNA was digested with 10 U of Sbfl and
EcoRI restriction enzymes. Next, Illumina TruSeq reagents and barcodes were ligated to sticky
end overhangs in order to de-multiplex reads. Size selection of adapter-ligated DNA fragments
was then carried out via gel electrophoresis technique with a 2% low-melt agarose gel, in which
fragments of 300-450 base-pairs were selected for (DaCosta & Sorenson, 2014; Philip Lavretsky
et al., 2015). However, fragments of ~155 bp can also be capture using this size-selection
method. A Qiagen MinElute Gel Extraction Kit (Qiagen, Valencia, CA, USA) was used to purify
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size-selected samples. Following size selection, fragments were amplified using optimized PCR
protocols, where Phusion high-fidelity DNA polymerase is used in the amplification process
(Thermo Scientific, Pittsburgh, PA, USA; DaCosta & Sorenson, 2014; Philip Lavretsky et al.,
2015). A bead-based purification of the PCR amplified, size-selected fragments were carried out
using 1.8x solution of AMPure XP magnetic beads (Beckman Coulter, Inc., Indianapolis, IN,
USA), followed by two 80% ethanol washes, and then a final 40µl ddH20 elution. The Qubit
dsDNA Broad Range Assay Kit (Thermo Fisher Scientific Inc.) was used to quantify libraries.
Samples were then pooled in equimolar concentrations and multiplexed libraries were sequenced
using single-end 150 bp chemistry on an Illumina HiSeq X with NovoGene (Novogene Co.,
Ltd.).
ddRAD-seq Bioinformatics
First, reads were assigned to samples based on perfect barcode matches, eliminating barcode
sequence jumping. Illumina reads were then processed and de-multiplexed via the computational
pipeline from DaCosta and Sorenson (2014; http://github.com/BU-RAD-seq/ ddRAD-seqPipeline). Reads were condensed by similarity (i.e., 90% sequence similarity) and filtered by
PHRED score (< 20) using the CondenseSequences.py and FilterSequences.py scripts,
respectively.
Before proceeding with genotyping, comparable molecular ddRAD-seq data from wild
(N = 30) and game farm (N = 31) mallards were included in the dataset (Philip Lavretsky et al.,
2019, 2020; Figure 1.1). Following, all samples within the study were then concatenated and
clustered into putative loci and further using USEARCH v. 5 (Edgar, 2010) and id setting at
0.85. High quality reads were then mapped to the Mallard reference genome (Accession nos
SS263068950 – SS263191362; Huang et al., 2013; Kraus et al., 2011) using BLASTN v. 2
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(Altschul, Gish, Miller, Myers, & Lipman, 1990). Nearly identical BLAST hits are then
combined to minimize error of an arbitrary similarity threshold (Harvey et al., 2015). Reads are
then aligned using MUSCLE v. 3 (Edgar, 2004) and genotyped using the RADGenotypes.py
script. Genotypes were then categorized as homozygous if ≥93% of reads were identical,
heterozygous if the second allele was present in 29% of the reads and if genotypes were
ambiguous between these thresholds. Therefore, genotypes were placed into four categories,
‘missing’, ‘good’, ‘low depth’, and ‘flagged’. Loci with <10% ‘missing’ and ≤6% ‘flagged’ were
scored for downstream analysis. Geneious v. 10.2.6 (Biomaters Inc., San Francisco, CA, USA)
was then used to manually edit and assess loci. Finally, autosomal and Z-sex chromosome linked
loci were each identified based on perfect blast hits to the reference mallard genome. Final
output files were created (i.e., fasta, nexus, etc.) using scripts within the DaCosta and Sorenson
pipeline (2014; http://github.com/BU-RAD-seq/ddRAD-seq-Pipeline). Importantly, alleles were
labeled as ‘missing’ unless they met thresholds of 5x minimum (i.e., 10x coverage per locus) to
eliminate sequence biases associated with RAD protocols (Philip Lavretsky et al., 2016).
Mitochondrial DNA
Primers L78 and H774 were used to PCR amplify 653 base-pairs of the mtDNA control region
(M. D. Sorenson, Ast, Dimcheff, Yuri, & Mindell David P., 1999; M. D. Sorenson & Fleischer,
1996). PCR was carried out with ≥10ng/ul of template DNA (1.5 µl), 2x GoTaq Green Master
Mix (Promega), and 1nM of each primer (Lavretsky, McCracken, & Peters, 2014), and under the
following conditions: (1) initial denaturation for 7 minutes at 94 °C, followed by (2) 45 cycles of
DNA denaturing for 20 seconds at 94 °C, primer annealing at 52 °C for 20 seconds, and
extension at 72 °C for 1 min, and with a final extension at 72 °C for 7 min. Successful PCR
amplification was verified on a 1.5% agarose gel. PCR products were cleaned with a 10-fold 4.0
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μl diluted solution of ExoSAP-IT® (USB Corporation, Cleveland, OH) and with 6 μl of PCR
product. PCR cleanup consisted of an extended protocol of 37°C for 30 min and 80°C for 15
min. Note that mtDNA are for same reference individuals as used in ddRAD-seq analyses.
Products were then sequenced on a 3130XL Genetic Analyzer at the University of Texas El
Paso, Border Biomedical Research Center’s Genomic Analysis Core Facility. Finally, Raw
Sanger sequences were aligned and edited using SEQUENCHER v. 4.8 (Gene Codes, Inc).

Genetic Data Analyses
Nuclear Population Structure and Genetic Diversity
A dataset comprising independent bi-allelic autosomal SNPs, and without a priori individual or
population identity were used across analyses of population structure. I used PLINK v. 1.07
(Purcell et al., 2007) to filter SNP datasets for singletons (--maf 0.0055), missingness (--geno
0.15), and a linkage disequilibrium (LD) (--indep-pairwise 2 1 0.5) where one of the two SNPs
would be randomly excluded if an LD correlation factor (r2) > 0.5 was found between them.
Analyses were carried out with all possible samples, as well as more fine scale evaluations with
datasets including Pacific Black Ducks only.
First, I used the R package “adegenet” with the function dudi.pca (Dray & Dufour, 2007;
Jombart, 2008) to run a Principle Component Analysis (PCA). Sample relationships were
visualized across the first three principal component axes. Next, the program ADMIXTURE v.
1.3.0 (Alexander & Lange, 2011; Alexander, Novembre, & Lange, 2009) was used to calculate
maximum-likelihood-based individual assignments. Bi-alleleic SNP datasets were formatted for
ADMIXTURE and PCA using PLINK v. 1.07 (Purcell et al., 2007) and following steps outlined
in Alexander and Lange (2015). Each ADMIXTURE analysis was run with a 10-fold cross
validation (CV) and with a quasi-Newton algorithm employed to accelerate convergence (Zhou,
61

Alexander, & Lange, 2011). ADMIXTURE uses a block relaxation algorithm for point
estimation and terminated once the change in the log-likelihood of the point estimations
increased by < 0.0001. I ran ADMIXTURE for K populations of 1 through 10, with 100
iterations per each value of K. The optimum K was based on the average of CV-errors across the
iterations per K value; however, additional values of K were examined to test for further
structural resolution across analyses. The R program PopHelper (Francis, 2016) was then used to
convert files from each evaluated K from ADMIXTURE into CLUMPP files. A Greedy
algorithm and 1,000 permutations was used in the program CLUMPP v. 1.1 (Jakobsson &
Rosenberg, 2007) to determine the soundness of each assigned K value.
Finally, the program fineRADstructure, which includes RADpainter v. 0.1 and
finestructure (Lawson, Hellenthal, Myers, & Falush, 2012; Malinsky, Trucchi, Lawson, &
Falush, 2018) was used to estimate pairwise-sample co-ancestry to further visualize relationships
among Pacific Black Duck samples only. The program RADpainter v. 0.1 works by using SNPs
at each locus and determining the allele with minimal differences (i.e., the nearest neighbor
allele) in an individual in order to assign co-ancestry. Within this method, rare SNPs will make
the greatest contribution to the co-ancestry analysis and therefore provide measurements focused
on more recent co-ancestry and more nuanced population structure (Philip Lavretsky et al.,
2020). Next, the clustering algorithm in fineSTRUCTURE proposes multiple populations
through a Markov chain Monte Carlo (MCMC) algorithm and choses an appropriate
configuration from a likelihood of the previous configuration. This analysis was based on a burnin of 100,000 iterations and 100,000 MCMC steps, with default settings for remaining
parameters. Results were visualized in R scripts fineradstructureplot.r and finestructurelibrary.r
(available at: http://cichlid.gurdon.cam.ac.uk/fineRADstructure.html).
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Composite pairwise-species estimates of relative divergence (ΦST) and nucleotide
diversity (π) for concatenated fasta files of autosomal and Z-sex chromosome linked ddRAD-seq
loci were calculated in the R package PopGenome v. 2.7.5 (Pfeifer, Wittelsbürger, RamosOnsins, & Lercher, 2014)
Mitochondrial Population Structure and Genetic Diversity
A median-joining haplotype network was reconstructed in the program NETWORK v. 4.6.1.6
(Bandelt, Forster, & Röhl, 1999) and used to visualize relationships among mtDNA haplotypes
of Pacific Black Ducks, Mallards, and Philippine Ducks. Once again, comparable mtDNA data
from the same wild and game-farm Mallards (Philip Lavretsky et al., 2019, 2020) served as
references and were included in the haplotype network analysis. Finally, pairwise-species
estimates of relative divergence (ΦST) and nucleotide diversity (π) were calculated for mtDNA in
the R package PopGenome v. 2.7.5 (Pfeifer, Wittelsbürger, Ramos-Onsins, & Lercher, 2014).
Phylogenetic Analyses
Phylogenetic relationships across all sampled groups were assessed independently for nuclear
loci and mtDNA. Note that I treated Philippine ducks, game-farm mallards, and wild mallards as
their own respective lineages, while Pacific Black Ducks were analyzed by sampled population
to determine how well the three subspecies lineages are recapitulated. First, the same
independent bi-allelic ddRAD-seq autosomal SNP dataset was analyzed in the program TreeMix
v. 1.12 (Pickrell & Pritchard, 2012). TreeMix uses a maximum likelihood (ML) framework to
simultaneously estimate phylogenetic relationships, while also testing species trees with and
without gene flow incorporated. In short, TreeMix analyses are optimized by adding migration
edges until ≥ 98% of the variance within the data was explained (Pickrell & Pritchard, 2012).
Additionally, statistical significance was assessed by estimating standard errors (-se) and
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associated p-values for each migration edge. Analyses were run with global rearrangements
occurring during tree building (-global) and based on 1,000 bootstraps and a burn-in of 10%.
Finally, trees were summarized with TreeAnnotator v. 2.5.2 (Andrew Rambaut, Drummond, Xie,
Baele, & Suchard, 2018) and viewed in FigTree v. 1.4.0
(http://tree.bio.ed.ac.uk/software/figtree).
For mtDNA, phylogenetic relationships were analyzed in the program *BEAST v. 2.5.2
(Bouckaert et al., 2014). BEAST implements a Bayesian tree reconstruction method that
estimates a posterior distributions of species trees (Bouckaert et al., 2014). The mtDNA species
tree was based on a strict mutation clock and a Hasegawa-Kishino-Yano (HKY) substitution
model (Hasegawa, Kishino, & Yano, 1985) with gamma distribution and invariable sites as
previously found to be optimum for mtDNA (Philip Lavretsky, Herná Ndez-Bã, et al., 2014;
Philip Lavretsky, McCracken, et al., 2014). Analyses were run for 500,000,000 MCMC
generations and sampled every 5,000 steps until all effective sample size (ESS) values across
parameters were >50. Next, the first 10% of trees were discarded in TreeAnnotator (A. Rambaut
& Drummond, 2009) as burn-in, and visualized in FigTree v. 1.4.0
(http://tree.bio.ed.ac.uk/software/figtree).

RESULTS
Population Genetics
ddRAD-seq data
When analyzing all samples together, I recovered 3,154 autosomal loci (398,114 base-pairs) and
177 designated Z-chromosome linked loci (21,819 base-pairs) from the ddRAD-seq that met
filtering and missing data criteria.
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Nuclear Population Structure
All nuclear analyses were based on 11,961 (of 13,166) independent bi-allelic autosomal SNPs
that met filtering criteria, and with >98% of samples present across loci. Note that several A. s.
rogersi samples from Australia (N = 6) were identified as siblings (see co-ancestry results in
Figure 2.5), and thus only one of these were included downstream pairwise species comparisons.
When analyzing all samples, four primary clusters were recovered across analyses of all samples,
and with individuals assigning to their respective groups for PCA and ADMIXTURE analyses
(Figures 2.2 & 2.3).
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Figure 2.2 (A) Sampling locations and ranges of Philippine Ducks and Pacific Black Duck
subspecies. Principal Component Analysis (PCA) of nuclear ddRAD-seq bi-allelic SNPs for (B)
Mallards, Philippine Ducks, and Pacific Black Ducks, as well as partitioned datasets of Pacific
Black Ducks by (D) all sampled location or (E) those of known A. s. rogersi subspecies status.
Sample sizes across analyzed groups are provided.
Specifically, ADMIXTURE analyses of all samples based on an optimum K of four identified
populations of wild Mallard, game-farm Mallard, Philippine Duck, and Pacific Black Ducks
(Figure 2.2A). Interestingly, examining additional K populations separated out Pacific Black
Duck subspecies or population groups. In fact, independent evaluation of Pacific Black Ducks
across evaluated K populations of two (optimum) through four provided further partitioning
(Figures 2.3B) that corresponded with PCA analyses (Figure 2.1D & 2.1E), including: (1) Pacific
Black Ducks from Australia, Timor-Leste in Indonesia, Papua New Guinea, Tasmania, and
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Aunu’u, American Samoa representing A. s. rogersi, (2) New Zealand representing A. s.
superciliosa as expected (Brown et al., 2021), and (3) Lesser Grey Ducks from the Solomon
Islands representing A. s. pelewensis. Additionally, samples from Aunu’u, American Samoa,
were recovered as a distinct population when evaluating a K population of 4 model (Figure
2.3B). When analyzing samples comprising the A. s. rogersi subspecies, PCA (Figure 2.1E) and
ADMIXTURE (Figure 2.3) recovered additional structure for samples from the Southwestern
area of WA as compared to all other evaluated populations, although consisting of an optimum K
of 1.

Figure 2.3 (A) ADMIXTURE likelihood assignment probabilities for evaluated K populations of
4-6 for game-farm (GFM) and wild (WMA) Mallards, Philippine Ducks (PHDU), and Pacific
Black Ducks, and (B) assignment probabilities for evaluated K populations of 2-4 for sampled
Pacific Black Ducks only. Note that optimum K populations are denoted (black dot) and based
on the change in CV-Errors provided below each respective ADMIXTURE analysis.
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Figure 2.4 ADMIXTURE likelihood assignment probabilities for evaluated K populations of 2-3
of A. s. rogersi Pacific Black Ducks from Australia (N = 55), Tasmania (N = 2), Papua New
Guinea (N = 4), and Timor-Leste in Indonesia (Timor-Leste; N = 4). Note that Australian
samples are further partitioned into state/territory sampling locations being defined as Southwest
of WA (N = 6), North of WA (N = 9), NT (N = 3), NSW (N = 12), QLD (N = 10), SA (N = 14),
and ACT (N = 1). The optimum K populations is denoted (black dot) and based on the change in
CV-Errors provided.
Next, I estimated pairwise sample co-ancestry calculations among Pacific Black Ducks as
calculated in fineRADstructure to test for more fine-scale population structure (Malinsky et al.,
2018). The recovered co-ancestry matrix for Pacific Black Ducks (Figure 2.4) were concordant
with PCA (Figure 2.1) and ADMIXTURE results (Figure 2.2B), predictably recovering the three
subspecies. However, while samples from the Island of Aunu’u and Timor-Leste, Indonesia were
within the A. s. rogersi subspecies lineage, the higher co-ancestry recovered within each
respective group supports recent intra-population structure with some distinctions of Pacific
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Black Ducks from Australia (Figures 2.4). Similarly, Pacific Black Ducks sampled from the
Southwestern region of Western Australia (WA) once again showed further partitioning from
there Australian locations, which was supported in both PCA (Figure 2.1E) and ADMIXTURE
(Figure 2.3) analyses.

Figure 2.5 Co-ancestry matrix from fineRADstructure Pairwise matrix of individual (above
diagonal dashed line) and average (below diagonal dashed line) co-ancestry of Pacific Black
Ducks sampled from various locations and based on autosomal ddRAD-seq SNPs. Pairwise
coefficients of co-ancestry are color coded from low (yellow) to high (blue). The dendrogram
depicts a clustering of individual samples based on the pairwise matrix of co-ancestry
coefficients and are denoted by boxes within the matrix.
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Finally, pairwise population ΦST estimates for ddRAD-seq autosomal and Z-sex
chromosome linked loci followed population structure analyses in which the four species were
most differentiated (i.e., composite average ΦST(A) ≥ 0.20 & ΦST(Z) ≥ 0.14; Figure 2.5A).
Whereas Pacific Black Ducks were differentiated from the other species, specific sampled
populations were also further differentiated. Specifically, whereas I recovered limited
differentiation among A. s. rogersi (i.e., composite ΦST(A) = 0.007 and ΦST(Z) = 0.012; Figure
2.5A), A. s. superciliosa Pacific Black Ducks from New Zealand were 1-5% different from A. s.
rogersi (i.e., composite ΦST(A) = 0.007-0.056 and composite ΦST(Z) = 0.012-0.028; Figure 2.5A),
and with A. s. pelewensis of Solomon Islands having the highest estimates differentiated from
other groups (i.e., composite ΦST(A) = 0.173-0.219 and ΦST(Z) = 0.175-0.196; Figure 2.5A).
Interestingly, while American Samoan and Solomon Islands fall into the range for A. s.
pelewensis subspecies (i.e., Islands in the Pacific Ocean; Figure 2.1), Aunu’u island samples
were more similar to other A. s. rogersi then those samples from the Solomon Islands (Figure
2.5A).
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Figure 2.6 Pairwise composite and nucleotide diversity for mtDNA, Z-Chromosome, and
Autosomal ddRAD-seq loci for 7 sampling regions in the South Pacific, for game-farm (GFM; N
= 31) and wild mallards (WMA; N = 30), and for the Philippine Duck (PHD; N = 44). Locations
in the South Pacific include Timor-Leste in Indonesia (TIM; N = 4), Papua New Guinea (PNG; N
= 4), Tasmania (TAS; N = 2), the Island of Aunu’u in American Samoa (AS; N = 3), New
Zealand (NZ; N = 30), Australia (AUS; N = 55), and the Solomon Islands (SOL; N = 7).
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Population Structure of Mitochondrial DNA
A total of 610 bp of the mtDNA control region was used to reconstruct a haplotype network. A
total of five distinct haplogroups were identified across samples (Figure 2.6). First, I recovered
expected haplogroups among mallards (i.e., OW A and NW B haplogroups; P. Lavretsky et al.,
2014; Philip Lavretsky, Herná Ndez-Bã, & Peters, 2014), and Pacific Black Ducks (i.e.,
Haplogroups I and II; Brown et al., 2021; Rhymer et al., 2004). Whereas the NW B haplogroup
only had wild mallards (N = 25), the OW A Haplogroup contained wild mallards (N = 5), gamefarm mallards (N = 31), as well as Pacific Black Ducks from New Zealand (N = 6) and Australia
(N = 1; Figure 2.7). Conversely, only Pacific Black Ducks comprised Haplogroups I and II, with
those from New Zealand only recovered within Haplogroup I (N = 8), while Pacific Black Ducks
sampled from Australia (N = 54), New Zealand (N = 16), Papua New Guinea (N = 4), Tasmania
(N = 2), Timor-Leste in Indonesia (N = 4), Solomon Islands (N = 7), and the Island of Aunu’u in
American Samoa (N = 3; Figure 2.6) made up Haplogroup II. Within Haplogroup II, samples
from Timor-Leste and Solomon Islands were fixed for two and three haplotypes, respectively,
and which were not shared with any other group. Note that a single major haplotype within
Haplogroup II was recovered for Pacific Black Ducks sampled in Australia (N = 15), New
Zealand (N = 3), Papua New Guinea (N = 1), and the Island of Aunu’u (N = 3). Finally,
Philippine Ducks made up a unique haplogroup comprised of eight haplotypes (Figure 2.6).
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Figure 2.7 Haplotype network of mtDNA control region sequences of game-farm (N = 31) and
wild (N = 30) mallards, Philippine Ducks (N = 44), and Pacific Black Ducks (N = 105); each
group is color coded. Note that Pacific Black Ducks are further distinguished by sampling
location. Circle sizes correspond to the total number of individuals within each haplotype, and
the number of mutations between haplotypes depicted by branch lengths; however, all branch
lengths separated by more than one mutation are also denoted.
Pairwise composite ΦST estimates of mitochondrial DNA widely fluctuated between
Pacific Black Ducks as well as in Mallards and Philippine Ducks (Figure 2.5A). As expected
based on the haplotype network (Figure 2.6), the Philippine Duck was nearly fixed from all other
sampled groups (i.e., ΦST = 0.70 - 0.95; Figure 2.5A). Among Pacific Black Ducks, I recovered
no differentiation among mtDNA for samples from New Guinea, Tasmania, and the Island of
Aunu’u (i.e., ΦST = 0.00; Figure 2.6A), with Papua New Guinea and Australia also having no
differentiation (i.e., ΦST = 0.00; Figure 2.5A). Samples from New Zealand were moderately
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differentiated from all other Pacific Black Ducks (average composite ΦST = 0.25 ± 0.03 Standard
Error, i.e., SE; Figure 2.5A). Finally, Pacific Black Ducks from the Solomon Islands were most
differentiated from all other Pacific Black Ducks (average composite ΦST = 0.55 ± 0.06 SE;
Figure 2.6A).
Nuclear and Mitochondrial Nucleotide Diversity
Highest levels of nucleotide diversity (π) values calculated for ddRAD-seq autosomal and Z-sex
chromosome loci were recovered in wild (πZ = 0.0029; πA= 0.0068) and game-farm (πZ = 0.0028;
πA= 0.0057) Mallards, followed by very comparable levels for Pacific Black Ducks from TimorLeste, Papua New Guinea, Tasmania, New Zealand, and Australia (range πZ = 0.0015 - 0.0018;
range πA= 0.0047 - 0.0051; Figure 5B). Philippine Ducks (πZ = 0.0012; πA= 0.0034), as well as
Pacific Black Ducks from the Solomon Islands (πZ = 0.0013; πA= 0.0034) and Aunu’u, American
Samoa (πZ = 0.0016; πA= 0.0032) had the lowest levels of diversity (Figure 2.5B).
Phylogenetic Relationships from Species Trees
Phylogenetic analysis of the mtDNA control region (Figure 2.7A) and nuclear ddRAD-seq
autosomal SNPs (Figure 2.7B) identified the same three main clades that included, Mallards,
Pacific Black Ducks, and Philippine Ducks. Among Pacific Black Duck samples, phylogenetic
relationships recovered three main clades that corresponded to known subspecies, and included
(1) Solomon Islands (i.e., A. s. pelewensis), (2) New Zealand (i.e., A. s. superciliosa), and (3)
Australia, Tasmania, Papua New Guinea, and Timor-Leste, Indonesia, (i.e., A. s. rogersi);
although relationships within Pacific Black Ducks were not as well supported across analyses
(see bootstrap support in Figure 2.8). Whereas Pacific Black Ducks of Australia, Tasmania,
Papua New Guinea, and Timor-Leste Indonesia were consistently closely related, those from
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Aunu’u, American Samoa, were recovered as either sister to Tasmania (mtDNA) or Solomon
Islands (nuclear); however, these relationships were once again not well supported.

Figure 2.8 Phylogenetic relationships as determined from species tree reconstructions from
ddRAD-seq autosomal SNPs analyzed in the program TreeMix (A) and mitochondrial DNA
analyzed in the program *BEAST.
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Finally, testing for evidence of gene flow in a phylogenetic context recovered a species
tree without migration already explaining 99% of the variation (Figure 2.9), suggesting that any
addition of gene flow to the model would likely result in overfitting. Nevertheless, sequentially
adding up to 29 migration events recovered only two significant edges that included evidence of
game-farm mallard introgression into the Pacific Black Duck population of New Zealand (weight
= 0.11; p << 0.001) and into Timor-Leste, Indonesia (weight = 0.025; p < 0.01).

Figure 2.9 Proportion of explained variance when adding migration edges in TreeMix species
tree analysis of ddRAD-seq nuclear loci.

DISCUSSION
Population Genetics Identifies Evolutionary Units of Mallard-like Ducks of
Oceania
Here, I present the most complete molecular assessment of Mallard-like ducks in Oceania,
Greater Indonesia, and the Philippines, and provide evidence that each constitutes unique
evolutionary units. First, Philippine and Pacific Black Ducks are strongly structured and without
any evidence of ancestral or contemporary gene flow between them. Moreover, whereas
Philippine Ducks were once hypothesized to be a putative hybrid species (Philip Lavretsky,
Herná Ndez-Bã, et al., 2014; Philip Lavretsky, McCracken, et al., 2014), I find no evidence in
support of such a scenario. In short, Philippine Ducks are fixed for mtDNA haplotypes (Figure
2.6) and are the most diverged lineage across nuclear analyses (Figures 2.1 & 2.2), including
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having some of the highest levels of estimated relative differentiation across pair-wise
comparisons (Figure 2.6A) in both mtDNA and nuclear phylogenies (Figure 2.7). Importantly, I
find no evidence that would suggest their genomes to be admixed with any of the Mallard
groups. Thus, I conclude that Philippine Ducks constitute a unique lineage of Mallard-like duck
that evolved through allopatric, as seen in many other ducks in the Mallard complex (Philip
Lavretsky, McCracken, et al., 2014), and not hybrid speciation. Intraspecific population structure
was also recovered across Pacific Black Duck samples that largely followed known ranges of the
three subspecies (Figures 2.1 - 2.4). Thus, genomic sampling of these Island Mallard-like ducks
not only confirms that Philippine Ducks constitute a unique evolutionary unit, but further
demarcates putative conservation units within Pacific Black Ducks (Figures 2.1 - 2.7). Together,
I shed light into our understanding into their evolutionary histories, as well as provide data that
will help inform future conservation considerations for these species.

ddRAD-seq Sheds Light into Pacific Black Duck Taxonomy and
Biogeography
Currently, morphological and some molecular data support the distribution of three subspecies of
Pacific Black Ducks that are largely based on geographic locations (Brown et al., 2021; Kear,
2005; Merchant & Higgins, 1990; Rhymer et al., 2004). In fact, modeling gene flow using few
nuclear introns and mtDNA, Brown et al. (2021) confirmed that the three subspecies are best
explained by levels of isolation, with the most distinguished group being the Solomon Island A.
s. pelewensis population. In contrast, genetic connectivity remains relatively high between
Pacific Black Ducks ranging across Timor-Leste in Indonesia, Australia, Tasmania, and Papua
New Guinea that constitute A. s. rogersi. Although I predictably recovered samples assigned to
A. s. rogersi and A. s. superciliosa, only one population within the predicted range assigned to A.
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s. pelewensis (Figure 2.3). Specifically, while Aunu’u, American Samoa is within the predicted
range of A. s. pelewensis, I provide evidence that these Pacific Black Ducks are in fact A. s.
rogersi. First, whereas species tree reconstruction placed Pacific Black Ducks from the Island of
Aunu’u as sister to those from the Solomon Islands, mtDNA sequences placed them within the
other A. s. rogersi (Figure 2.7). The closer relationship with other A. s. rogersi is further
supported by Pacific Black Ducks from the Island of Aunu’u possessing the major Australian
mtDNA haplotype (Figure 2.6), having the lowest levels of relative genomic differentiation with
other A. s. rogersi populations (Figure 2.5A), and closely clustering (Figure 2.1 & 2.2) and
sharing the highest co-ancestry based on nuclear DNA (Figure 2.4) with other Australian A. s.
rogersi. I also note that while ducks from Aunu’u, American Samoa, represent a small sample
size, they likely make up 5-10% of the population size on the Island that is currently predicted to
be 30-50 individuals (USFWS, personal communication, 2019). Together, I conclude that
mainland Australian Pacific Black Ducks were the most likely source for the recent colonization
of Samoan Islands.
While the East Asia-Australasia Flyway and West Pacific Flyway occur in Australia,
New Zealand, Oceanic Islands, Indonesia, the Philippines, Papua New Guinea, and Southeastern
Asia, this is likely not affecting Pacific Black Duck movement to the Pacific Islands or New
Zealand. In general, Australian Pacific Black Ducks show movement coinciding with water and
resource availability, as well as strictly exploratory (J. F. McEvoy et al., 2017; John F. McEvoy,
Roshier, Ribot, & Bennett, 2015), rather than a somewhat predictable seasonal migration
displayed by waterfowl residing in more seasonal biomes (Kear, 2005; Lepage & Warnier, 2014;
Merchant & Higgins, 1990). Therefore, due to an absence of seasonal migration, I hypothesize
that the colonization of American Samoa from an Australian lineage and was likely through
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exploratory behavior. The West Wind Drift (WWD) hypothesis posits that organisms moving
around the Indian ocean tend to do so with the wind that blows from the west and through the
Pacific (Chen et al., 2014; Sanmartín, Wanntorp, & Winkworth, 2007). Although largely
established in plants, Pacific Black Ducks could also be following the WWD in their radiation
events from Australia to other Island systems. In fact, there is growing evidence for the spread of
aquatic plants via attachment to or ingestion of birds, suggesting that migrating waterfowl have
historically followed this eastward movement (Chen et al., 2014; Les, Crawford, Kimball,
Moody, & Landolt, 2003). Moreover, an eastward out-of-Australia dispersal of Pacific Black
Ducks is further supported through estimated migration events largely recovered from Australia
into New Zealand (Brown et al. 2021). Together, I posit that the exploratory behavior and the
WWD is how Pacific Black Ducks have established populations out of Australia. Future work
will benefit from additional sampling across American Samoa and more eastern Islands to test
whether such colonization was a result of island jumping (i.e., stepping-stone dispersal) or longdistance dispersion events (i.e., LDD), as both are supported means of colonization in island
biota (Keppel, Lowe, & Possingham, 2009). Under the former, I expect population diversity to
follow an isolation-by-distance pattern, while the latter scenario would show more distinct
patterns of genetic diversity specific to each islands source population. Regardless, the data
presented here sheds light into and suggests a re-evaluation of current range predictions for A. s.
pelewensis is warranted.

Australian A. s. rogersi Intra-population Structure
In addition to data suggesting for the potential reevaluation into the geographical distribution of
A. s. pelewensis, I provide the first genomic data supporting additional structure within mainland
Australian Pacific Black Ducks. Specifically, Pacific Black Ducks from the identified area of
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Western Australia (i.e., WA) showed subtle population structure across nuclear-based analyses
from the other assayed Australian populations (Figures 2.1E & 2.3); which corroborates recent
morphological data suggesting that these western Australian Pacific Black Ducks also display
distinguishable facial plumage traits (Murray Williams, 2019). In particular, I recover notable
genetic differences for Pacific Black Ducks from the Southwestern region of WA (See Figure
2.2E and Figure 2.4). Whether such genetic structure is the result of local adaption or genetic
drift (i.e., bottlenecking or founder events; Clegg et al., 2002) remains unknown. Similar to these
WA Pacific Black Ducks, those from Timor-Leste in Indonesia also possess unique mtDNA
haplotypes (Figure 2.6) and show subtle nuclear population structure within A. s. rogersi (Figure
2.4); and thus, requires additional analyses to better understand whether they too constitute an
important conservation unit. In general, future research into establishing conservation units of A.
s. rogersi across their range will benefit from expanded population and genomic sampling to
better demarcate intra-population structure, including full genome analyses to determine
potential adaptive differences among them.

Low Diversity Estimates, Hybridization, and Conservation Considerations for
Mallard-like Ducks in Oceania, Greater Indonesia, and the Philippines
The often-smaller population sizes of island taxa as compared to their mainland counterparts
make these innately susceptible to extinction events (Bouzat, 2010; Frankham, Ballou, Briscoe,
& Mcinness, 2002; Furlan et al., 2012). Specifically, not only does the genetic diversity of small
populations naturally suffer higher loads of genetic drift (Frankham et al., 2012), but these
island-endemic populations are also susceptible to complete genetic swamping or outcompeting
from introduced congeners (Wells et al., 2019); both of which are often considered top issues
complicating conservation efforts (Frankham, 1996, 2003; Frankham et al., 2002, 2012). First,
80

although I find no evidence that hybridization with Mallards or other Mallard-like ducks is a
threat, Philippine Ducks possessed one of the lowest levels of nucleotide diversity of the assayed
species (Figure 2.6B), and corroborate earlier estimates (Licuanan et al., 2017). In fact, despite
sampling 10-times the number of individuals, Philippine Duck diversity estimates were
comparable to Pacific Black Ducks from the Island of Aunu’u, American Samoa and the
Solomon Islands. Together, while Philippine Ducks are not currently threatened by genetic
swamping from other Mallard-like ducks, understanding how these relatively lower diversity
estimates translate to the adaptive potential of the species requires careful consideration.
Similarly, how the relatively lower genetic diversity of Pacific Black Duck populations of the
Island of Aunu’u and Solomon Islands translates to their adaptive potential remains unknown.
Therefore, these island-specific Pacific Black Ducks and Philippine Ducks will require expanded
population sampling and continued monitoring to better evaluate standing genetic diversity, as
well as genetic-environmental association testing to better determine how well each of them are
adapted to future human-induced ecological change (Bay et al., 2017; Kawecki & Ebert, 2004;
Razgour et al., 2019; Savolainen, Lascoux, & Merilä, 2013).
Unlike Philippine Ducks and Pacific Black Ducks of islands (i.e., American Samoan and
Solomon Islands), I conclude that introgression from introduced Mallards into A. s. superciliosa
and A. s. rogersi is the primary conservation threat to several other Pacific Black Duck
populations. This existential threat to Pacific Black Ducks is exemplified on Lord Howe Island
where by Pacific Black Ducks solely existed until Mallards were discovered on the Island in
1963 (Tracey et al., 2008), and subsequently resulted in a hybrid swarm 15 years later and
further resulted in the extinction of ducks on the Island altogether (Guay et al., 2014; Taysom,
2015; Tracey et al., 2008). Similarly, hybridization with mallards continues to be the proximate
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conservation threat to endemic Grey Ducks of New Zealand since their introduction in the mid1800’s (Brown et al., 2021; Dryer & Williams, 2010; Gillespie, 1985; Guay et al., 2014; Guay &
Tracey J, 2009; Tracey et al., 2008; M Williams & Basse, 2006). Currently, A. s. superciliosa is
thought to only exist in isolated non-urban areas of New Zealand (Tracey et al., 2008), with
continued habitat loss increasing interactions with Mallards to point where A. s. superciliosa can
potentially disappear altogether in the near future (Williams and Basse 2006). Although, nuclearbased ADMIXTURE assignment probabilities and PCA clustering did not find interspecific or
intermixed clustering with Mallards (wild or game-farm) for any of the New Zealand samples
(Figures 2.1 and 2.2), several New Zealand samples possessed OW A haplotypes (Figure 2.6); I
note that game-farm Mallards are of Eurasian origin and naturally possess OW A haplotypes
(Philip Lavretsky et al., 2020). Moreover, when adding gene flow weights in TreeMix analyses, I
recovered significant gene flow from game-farm Mallards into New Zealand’s Grey Duck. The
latter result suggests that potentially New Zealand’s Grey Duck is now genetically extinct.
Importantly, these results generally correspond with the known history of Mallards in New
Zealand in which domestically derived game-farm Mallards were used in the majority of
stocking events (Dryer & Williams, 2010). Consequently, continued interactions and subsequent
hybridization with the now feral population of three million Mallards in New Zealand remains a
significant threat to the conservation of A. s. superciliosa (Brown et al., 2021; Gillespie, 1985;
Guay et al., 2014; Guay & Tracey J, 2009; Rhymer & Braun, 1994; Taysom, 2015; M Williams
& Basse, 2006). In fact, these results support the recently proposed eradication of Mallards in
parts of New Zealand to help conserve A. s. superciliosa (Taysom 2015). Future research will
benefit from an expanded sampling across New Zealand to better demarcate where A. s.
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superciliosa still persist in significant numbers, as well as where eradication of Mallards is
possible that would create usable A. s. superciliosa habitat.
Like New Zealand, the potential threat of introgressive hybridization with introduced
Mallards exists in Australia as well (Guay et al., 2014; Taysom, 2015). Currently, hybridization
rates in Australia appear to be low (~1.5%; Taysom 2015) and largely confined to urban areas
(Guay et al., 2014; Taysom, 2015); however, the potential for increased contact between
Australia’s A. s. rogersi and introduced Mallards could grow with expanded urbanization and
climate change. For these reasons, Taysom (2015) expressed the need for management actions of
feral Mallards in Australia as well. In fact, the threat of Pacific Black Ducks hybridizing with
Mallards should not be overlooked in any location where these two reside together (M Williams
& Basse, 2006). In addition to the seven A. s. superciliosa, one Australian A. s. rogersi also
possessed OW A haplotypes (Figure 2.6). The presence of these OW A mtDNA haplotypes in
nuclear pure Pacific Black Ducks detects that introgressive hybridization with introduced gamefarm Mallards occurred in a recent past of those lineages. I also provide the first evidence from
TreeMix analyses that recovered significant but small amounts of game-farm Mallard
introgression into the Pacific Black Ducks of Timor-Leste, Indonesia. In addition to expanded
genetic assessments of each population to determine current rates of hybridization, these findings
suggest that a discussion and consensus surrounding levels of purity to consider an individual as
A. s. superciliosa or A. s. rogersi is needed.
Together, my research identifies several investigative needs, including: (1) increased
Island sampling to determine subspecies status of Lesser Grey Ducks and mode of dispersal, (2)
an increased molecular assessment of A. s. superciliosa or A. s. rogersi populations to determine
rates of hybridization with Mallards, (3) increased sampling to establish intra-population
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structure within Australian A. s. rogersi, and (4) future studies into the effects of low genetic
diversity on future adaptive potential of Philippine Ducks, as well as Pacific Black Ducks of the
American Samoan and Samoan Islands.
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